Aerobic processes in landfill: an Australian field trial by Obersky, Lizanne
  
 
 
 
Aerobic processes in landfill: An Australian field trial 
Lizanne Obersky 
B.Eng. (Chem) Honours IIA 
 
 
 
 
 
A thesis submitted for the degree of Doctor of Philosophy at 
The University of Queensland in 2017 
School of Civil Engineering 
Centre for Solid Waste Bioprocessing 
 
 
ii 
 
Abstract 
Modern landfills are often thought of as exclusively anaerobic systems, with landfill gas generation 
and regulatory emission models typically describing waste degradation as a first order decay process. 
However, in most instances, observed biogas production from landfills fall short of predictions by 
these landfill gas models. To improve biogas estimates, a closer examination of the configuration and 
operation of landfills is required, to identify if a significant portion of waste is degraded aerobically.  
An improved understanding of aerobic processes will contribute towards more accurate landfill gas 
estimation and emissions reporting.  
It was hypothesised that the rate and extent of anaerobic digestion (rAD), CH4 oxidation (rOX),  and 
composting (rCOM) within the soil cover and the fresh waste immediately below the cover could be 
determined by the combination of stable isotope and molecular mass balances for carbon species 
(CH4 and CO2). The primary objective of this thesis was to determine the extent of simultaneous in-
situ aerobic (CH4 oxidation and composting) and anaerobic processes occurring in an operational 
landfill cell. An 18-month field trial was established on a fresh layer of waste placed on a sloped face 
at the edge of a landfill cell and covered with an interim soil cover (30-50cm). 
The evolution of CH4, CO2 and O2 through the waste profile and the surface emissions were 
monitored by gas samples collected from gas probes and static flux chambers. Stable isotopes (2δH 
for CH4, 
13δC for CH4 and CO2) were monitored. The developed model consisted of four mass 
balances for CH4, CO2, δ13C-CH4 and δ13C-CO2 over a control volume that extended approximately 
1.5m below the surface, incorporating the soil cover and the uppermost portion of the waste layer.  
The model was applied to data collected from two locations over four separate sampling campaigns, 
each representing a climatic season in Brisbane.   
It was necessary to conduct companion laboratory work to characterise key isotopic parameters in the 
model, these being (1) CH4 oxidation fractionation factor for the landfill cover soil, (2) anaerobic 
digestion fractionation factor for the waste, (3) the composting signature of the landfill cover and 
waste.  The sensitivity of predictions of rAD, rCOM and rOX to the values of these parameters as well as 
the stoichiometry of the three reaction processes was assessed by randomly varying each parameter 
by ±5% over 500 simulations for each data set.   
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The mass balance model revealed that aerobic activity forms a large proportion of early degradation 
activity. On average over the 18 month monitoring period, approximately 30% of the organic carbon 
that was bio-gasified was degraded by the composting and 70% by anaerobic digestion with a variable 
fraction of the resulting CH4 subsequently oxidised. A range of 1.3 to 44.5 g CO2 m
-2 d-1 resulted 
from composting (rCOM) with higher rates typically observed at the crest of the slope. The average 
rate of CH4 oxidation ranged from rOX =1.6 to 8.6 g CO2 m
-2 d-1. Thereby, CH4 oxidation was therefore 
the least important of the three reactive processes generating CO2 for this landfill cell. rAD spanned 
averages from 10.6 to 45.3 g CO2 m
-2 d-1, with lower activity tending to occur at the crest of the slope.  
These predictions by the mass balance model were further supported by long-term monitoring data 
for O2, where ongoing O2 ingress was evidenced by sampling snapshots and by 2 months of 
continuous monitoring of O2 concentrations immediately below the soil cover.  Daily rises and falls 
in O2 concentration at the top of the waste layer were evident in the continuous data.  Overall, this 
thesis has highlighted that CH4 oxidation, composting and anaerobic digestion are significant in 
newly deposited waste lifts. This has a significant impact on anticipating the available CH4 resource 
and estimating CH4 capture efficiencies and greenhouse emissions.  
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CHAPTER 1: INTRODUCTION 
 
 
1.1    Project Significance 
In Australia, the waste industry accounts for 2% of greenhouse gas (GHG) emissions, with landfills 
being the most significant contributor for the sector at 8.4 MtCO2-eq per annum (Australian Federal 
Government, 2017). Landfill gas is formed from the anaerobic digestion of waste where organic 
materials are converted to methane (CH4) and carbon dioxide (CO2) by a mixed microbial community 
in the absence of oxygen (O2). Understanding the rate that landfill gas is formed is important because 
it is a renewable energy source.  At present, gas generation and emission models focus on landfills as 
anaerobic environments, typically represented by a first order decay process. The yields adopted in 
the IPCC model, including the regulatory version adopted in Australia as NGERS, fall with the range 
observed in laboratory and batch scale digestions of 92 m3 CH4 per as received tonne of MSW (Clarke 
et al., 2016). However, the gas production observed in actual landfills is often less than CH4 yield 
ascribed to MSW (Ishii and Furuichi, 2013, Amini et al., 2012, Wangyao et al., 2010).  
Reasons for this discrepancy require a closer examination of the configuration and operation of 
landfills.  During landfill operation, incoming waste is placed in cells, compacted and subsequently 
covered by a temporary daily cover of soil. Interim cover layers are between 20 and 50 cm deep, 
designed as a trafficable surface for the exclusion of vermin and the reduction of odours. Despite 
compaction and covering of the waste mass, air pockets are entrained and allow for aerobic 
decomposition (composting) of the waste by bacteria and fungi resulting in CO2 production. Aerobic 
activity can also occur closer to the interface between the cover soil and top of the buried waste as 
well as in the cover soil, supported by gas migration upwards and O2 diffusion inwards through the 
soil cover where under suitable conditions, methanotrophs can oxidise CH4 to CO2.  
Studies of aerobic degradation in landfills have largely focussed on CH4 oxidation within soil and 
bio-covers, with current methods including mass balance (Bogner and Spokas, 1993), stable isotopes 
(Liptay et al., 1998) and concentration ratios (Christophersen et al., 2000, Gebert et al., 2011b, Pratt 
et al., 2013). There has been no attempt to measure both CH4 oxidation and composting in the waste 
layer immediately beneath the cover. The current regulatory models reflect the lack of knowledge 
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about the occurrence of composting in waste or indeed the true the extent of CH4 oxidation in the 
waste and soil cover. e.g., CH4 oxidation is set to 10% of the estimated CH4 flux not captured by gas 
collection infrastructure (IPCC, 2006), but multiple studies have demonstrated that the CH4 oxidation 
efficiency of a bio-cover system can be as high as 100% (Scheutz et al., 2009, Chanton et al., 2009) 
as well as landfills acting as CH4 sinks with negative surface fluxes of CH4 (Bogner et al., 2011).     
1.2 Project Rationale and Objectives 
The rationale that underlies this research is that the degradation behaviour of fresh waste placed in a 
landfill is not well characterised. There is a need to identify if a significant portion of waste is 
degraded aerobically, to improve estimates of the true CH4 production potential of waste in a landfill 
setting.  This new knowledge of the aerobic MSW degradation behaviour will contribute towards 
more accurate landfill gas emissions reporting and predictive modelling efforts.    
The primary objective of this thesis is to provide a realistic estimate of simultaneous in-situ aerobic 
(CH4 oxidation and composting) and anaerobic processes in a fresh landfill cell through field studies. 
Specifically, the primary goal is to determine the extent of aerobic degradation in a fresh layer of 
waste with daily cover and quantify the proportion of CH4 oxidation and composting relative to 
anaerobic digestion activity. Overall, this technique will provide insight into the degradation 
dynamics in the uppermost layer of shallow waste.   
1.3    Methodological Approach 
To investigate the key goal of this thesis, a field scale trial at the Swanbank landfill (27°39'32.18"S, 
152°49'39.77"E) was established to identify aerobic and anaerobic activity in a layer of freshly placed 
waste. This component of the thesis was conducted over an 18-month period at sloped face (batter) 
in Stage 1 of the facility. Five locations were monitored at varying distances from the crest of the 
slope. The evolution in CH4, CO2 and O2 through the waste profile and the surface emissions was 
monitored through gas sampling via waste and soil gas probes and static flux chambers. Stable 
isotopes (2δH for CH4, 13δC for CH4 and CO2) were selected as additional parameters to track, as this 
is known to provide a means to distinguish between aerobic and anaerobic mechanisms (Whiticar et 
al., 1986, Whiticar, 1999). 
Two locations provided data for modelling efforts, at Site 1 at the crest of the batter and Site 5 mid-
way along the sloped face. The control volume of each location was defined by a system boundary at 
the soil surface and the base of the fresh waste layer, where gas were monitored by the deepest gas 
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probe.  A system of mass and isotope balances were developed for CH4, CO2, 
13C-CH4 and 
13C-CO2 
to determine the rate of anaerobic digestion, composting and CH4 oxidation. These species were 
selected, as it is difficult to accurately measure the flux of O2 with conventional methods.  
The use of isotopes required some companion laboratory work to the field study.  When utilising 
stable isotopes for environmental and biochemical tracing, it is necessary to identify whether there 
are any preferential effects caused by the respective biodegradation processes. These influences are 
described by fractionation factors, which are typically derived from laboratory incubations where 
samples obtained from the field are incubated in batch assays. For the landfill case, it was necessary 
to conduct companion laboratory work to characterise (1) CH4 oxidation fractionation factor for the 
landfill cover soil, (2) anaerobic digestion fractionation factor for the waste, and (3) composting 
signature of landfill cover soil and waste.       
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CHAPTER 2: LITERATURE REVIEW & RESEARCH QUESTIONS 
 
This chapter describes the key landfill biodegradation reaction processes and methods for measuring 
the rates of these processes. It highlights the developments in laboratory and field experiments for 
measuring aerobic activity in landfills and packed beds simulating landfills. These investigations have 
commonly neglected the effect of composting. The limitations and criticisms of current methods 
provides the basis for future directions in landfill research. 
2.1 Introduction: How do landfills operate in practice? 
Landfills differ from other infrastructure projects as they are built progressively, with capital spent as 
required for incoming waste streams (see Figure 2-1). The two major products for a landfill facility 
are leachate (formation waters) and landfill gas production. To mitigate the environmental impact of 
these end products, lining, capping, leachate treatment and gas collection systems are required.  
 
Figure 2-1: Modern landfill cross section including major cell design components, containment 
systems and infrastructure types for environmental management. 
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For a new stage of a sanitary landfill, soil is excavated and kept as a cover medium for later use. The 
area is then lined with geosynthetic material and clay to prevent leachate contamination into the 
groundwater (see Figure 2-1). A stage will be split into individual cells, which are filled in sequence. 
In regular operation, a daily cell is considered as a working volume of waste placed in one operating 
period, this is covered with a temporary daily cover of 10 – 20 cm thickness to prevent windblown 
litter and reduce odours.  
When a complete single layer of waste has been placed, this is considered a lift, ranging in depth from 
2.0-2.5 m. Benches are also built as a slope stability measure to break up long continuous slopes with 
a flat area; this occurs when the vertical height of the landfill cell is greater than 15-22 m. The sloped 
face of a cell is called a batter and will typically have a slope ratio of 3:1 (horizontal: vertical). In 
some cases, intermediate cover is placed when another lift is not scheduled in an area for a prolonged 
period to prevent penetration of rain. This interim cover will be thicker than a daily cover, with a 
range of 20-50 cm. When the next lift layer is ready to be added, this interim cover is scraped back 
and fresh waste is placed on top. Waste-to-waste contact is desired between layers, as leaving the soil 
in place would cause leachate drainage issues and reduce the total landfill airspace with soil. Upon 
completion of the final profile, the area is capped according to regulations to contain gas, exclude 
surface water and encourage plant rehabilitation with a multi-layer cover system comprised of clay, 
geo-fabric, geo-membrane, and natural vegetation.  
2.2 Landfill biochemical processes 
Landfill gas is generated from the biological degradation of waste. The rate at which biogas is 
produced depends on several factors including seasonal weather conditions, the composition, 
moisture content and degree of waste compaction. There is a traditional view of landfills as 
predominately anaerobic environments (see Figure 2-2) (Palmisano and Barlaz, 1996, Tchobanoglous 
et al., 1993). Aerobic activity is only considered in the initial phase (I) where waste undergoes aerobic 
microbial decomposition (composting), using any entrained O2 until depletion. During this phase, 
solid refuse will begin to hydrolyse into soluble compounds. These components are converted by 
fermentative processes to organic acids (II). In phase (III) acetogenic bacteria transform organic acids 
into acetate. CH4 is formed by either acetoclastic or CO2 reduction pathways. Maturation (V) occurs 
after all the readily biodegradable carbon has been consumed. CH4 production will continue to occur 
but at a much slower rate, as more complex organics take longer to be broken down.  
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Figure 2-2: The five phases of degradation activity in landfill (Palmisano and Barlaz, 1996, 
Tchobanoglous et al., 1993), and the resulting composition of landfill biogas.  
A closer evaluation of the three main biochemical mechanisms that occur within a landfill cell, 
namely anaerobic digestion (CH4 production), composting of solid waste and CH4 oxidation are 
presented in the subsequent sections of this literature review. 
2.2.1 Anaerobic digestion 
Anaerobic digestion converts organic materials via degradation and solubilisation by a mixture of 
microbial organisms with several key functional groups (Ferry, 2010). This process forms a biogas 
mixture of CH4 and CO2 and biomass in an exothermic biochemical reaction (Nallathambi 
Gunaseelan, 1997). There are four stages based on metabolic reactions consisting of hydrolysis, 
acidogenesis, acetogenesis and methanogenesis.  
Hydrolysis reduces complex organic materials like proteins, lipids, and carbohydrate polymers to 
simpler molecules (e.g. amino acids, long-chain fatty acids and sugars). Fermentative bacteria convert 
these components primarily into volatile fatty acids (VFAs) and co-metabolites hydrogen (H2) and 
CO2. VFAs are subsequently converted by acetogenic bacteria into acetate, CO2 and H2. 
Methanogenesis can occur via two reactions acetoclastic or H2 utilising microorganisms with the 
contribution of each pathway controlled by local conditions. 
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1. Acetoclastic mechanism: is the conversion of acetate to CH4 and CO2 
𝐶𝐻3𝐶𝑂𝑂
− + 𝐻+ → 𝐶𝐻4 + 𝐶𝑂2                           (2-1) 
2. Hydrogenotrophic mechanism: is the oxidation of H2/formate with CO2 to produce CH4 
𝐻2 + 𝐶𝑂2 → 𝐶𝐻4 + 2𝐻2𝑂                            (2-2) 
The rate limiting step is the digestion of lignocellulosic material, the predominant organic constituent 
in Australian MSW (Khalid et al., 2011). Environmental factors including temperature, pH, moisture 
content, substrate source, nitrogen and landfilling rate will influence the efficacy of digestion (Li et 
al., 2011). A common assumption used in research, is that there is an equimolar production of CO2 
and CH4  (Barker, 1936). However, in reality, the proportion of biogas production of CH4 to CO2 from 
anaerobic digestion will vary depending on the quality of the substrate (i.e. if it was from of proteins, 
lipids, and carbohydrates) (Mata-Alvarez et al., 2000).  
2.2.2 CH4 oxidation 
CH4 oxidation is performed by methanotrophs, when CH4 and O2 are present at the same time; there 
needs to be sufficient concentrations of both reactants, which is limited by gaseous diffusion  (Scheutz 
et al., 2009). Methanotrophs are defined by the structure of their internal membranes as Type I and II 
(Bowman et al., 1993, Bowman et al., 1994). Type I and X methanotrophs use the ribulose 
monophosphate (RuMP) pathway and type II follow the serine pathway to assimilate formaldehyde 
(Hanson and Hanson, 1996). The general mechanism for the biochemical reaction of CH4 oxidation 
by methanotrophs is expressed as (Van Dijken and Harder, 1975): 
𝑎𝐶𝐻4 + 𝑏𝑁𝐻3 + 𝑐𝑂2 → 𝑑𝐶𝑔𝐻ℎ𝑂𝑖𝑁𝑗 + 𝑒𝐶𝑂2 + 𝑓𝐻2𝑂                (2-3) 
Methanotrophs will adapt for survival under different environmental conditions due to the nature of 
the methane mono-oxygenase (MMO) enzymes present in the organisms (Amaral and Knowles, 
1995). The RuMP pathway is considered energetically more efficient than the serine pathway 
(Anthony, 1982). It is expected that Type I will outgrow Type II unless there are some nitrogen source 
or copper depletion issues (Hanson and Hanson, 1996). Type X can grow at higher temperature 
conditions than Type I and II (Hanson and Hanson, 1996). The stoichiometric coefficients will depend 
on the type of the methanotroph. The theoretical relationship of equimolar CH4 to CO2 has been 
assumed in studies (Scheutz et al., 2009). In reality, a portion of the carbon will be assimilated in 
biomass cell growth.  
8 
 
The range observed for the ratio of CO2 production to CH4 consumption is:  
𝑟𝐶𝑂2 = −𝜁𝑟𝐶𝐻4                   (2-4) 
With 𝜁 ranging from 0.7 - 0.8 expressed on a molar basis as reported from a variety of experimental 
studies (Perera et al., 2002, Lei et al., 2014, Rafiee, 2016). 
In landfills, the methanotrophic zone is expected in the upper 30-40 cm of the soil profile; with 
maximal activity in a zone 15-20 cm below the cover surface (Czepiel et al., 1996, Jones and Nedwell, 
1993, Scheutz et al., 2004). Oxidative zones can occur at lower levels due to gas extraction assisting 
O2 permeation due to negative pressure gradients (advective transport). It is expected that Type II 
methanotrophs will dominate in deeper landfill zones (high CH4, low O2) with Type I dominating 
close to the surface (low CH4, high O2) (Scheutz et al., 2009). However, this will depend on the 
geophysical characteristics of the cover, the CH4 load to the system and the properties of the cover 
system. Environmental factors influencing CH4 oxidation in a landfill cover include soil texture, 
temperature, moisture content, and nutrient availability (Scheutz et al., 2009).  
2.2.3 Composting 
Organic material can also be aerobically degraded via composting processes. In landfill, composting 
can occur due to the air pockets containing available O2 or through the diffusion of O2 through the 
soil cover. For composting to be facilitated heterogeneous consortia of mesophilic bacteria and fungi 
need to be present (Senior, 1990). The aerobic composting processes is loosely defined as (Wiley and 
Pierce, 1955): 
𝐶𝑝𝐻𝑞𝑂𝑟𝑁𝑠 ∙ 𝑎𝐻2𝑂 + 𝑏𝑂2 → 𝐶𝑡𝐻𝑢𝑂𝑣𝑁𝑤 ∙ 𝑏𝐻2𝑂 + 𝑑𝐻2𝑂 + 𝑒𝐻2𝑂 + 𝐶𝑂2            (2-5) 
Where the small letters in this mechanism represent constants for different conditions and substrate 
types, d is the stoichiometric coefficient for liquid water produced, e is the stoichiometric coefficient 
for water evaporated in this system (vapour).  
The stoichiometric coefficients of the process will depend on the nature of the substrate in a similar 
fashion to anaerobic digestion of MSW. These are commonly discussed in terms of a respiratory 
quotient (RQ), which describes the ratio of CO2 produced/O2 consumed (Epstein, 1997). There will 
be three main classes based on the organic compound groups of proteins, lipids, and carbohydrates 
(Gray et al., 1973). Epstein (1997) indicates that starch will have an RQ of 1.0, protein an RQ of 0.81 
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and fats an RQ of 0.71. Consequently, for the composting of waste, Wiley and Pierce (1995) and 
Schultz (1960) estimate a RQ ranging from 0.87 to 0.91.   
Temperature is a significant parameter in the process of composting; this will determine the dominant 
functioning species in the system. Initially, composting activity will be dominated by mesophiles in 
the landfill cell, as composting is exothermic the temperature of the system will increase (de Bertoldi 
et al., 1983a). Microbial activity will be inhibited if the temperature exceeds 70°C (Feinstein et al., 
1986). Furthermore, fluctuations in temperature will influence the moisture content of the system and 
in turn gas transport mechanisms (Epstein, 1997).  
Moisture content directly influences the rate of O2 consumption; if there is too much moisture present, 
there is not enough free air spaces and this will impede O2 availability to micro-organisms (Schultz, 
1960). The relationship between free air space, moisture and O2 consumption during composting will 
depend on the media and particle size (Jeris and Regan, 1973c, Jeris and Regan, 1973b, Jeris and 
Regan, 1973a). When the degree of compaction of MSW is high, the pore space is reduced, which 
results in greater air flow resistance and difficulty in O2 transport (Epstein, 1997). 
2.2.4 How do operational practices link to degradation? 
There is rarely consideration on how the operational practices influence the degradation behaviour of 
landfilled waste. This is particularly critical for interim covers, where the cover system is relatively 
thin (20-50 cm) and in some cases, the cover media is highly permeable. It is hypothesised that this 
configuration could lead to significant and sustained O2 ingress. In fact, continuous O2 migration 
through the surface layer may sustain aerobic degradation of the organic fraction of the cover and 
within the waste, which may give rise to mixed regions of composting and anaerobic digestion within 
the uppermost waste mass in the landfill. 
2.3 Evidence of O2 ingress in landfill environments 
Recent work has challenged the traditional view of landfill environments as purely anaerobic systems, 
with O2 observed to reach the waste mass due to atmospheric gas transport in both the absence and 
presence of the vacuum induced by gas extraction systems. Operational practices that facilitate this 
transport may include thin or permeable cover and lining materials, geometry of landfill cells or the 
absence of lining systems from old facilities. For example, in a landfill constructed on an old quarry 
site in the United Kingdom, O2 levels at 10 v/v% were observed at depths of 20 m (Barry et al., 2004). 
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It was thought that lateral migration through a permeable sand layer at the base of the quarry system 
lead to transport of oxygen into the waste mass (Barry et al., 2004).   
At the Fiflholt landfill, in Iceland, where a final cover of 1-1.2 m (15-25 cm mulch under 1 m of 
sandy soil) for mature cells spanning 6-10 years, atmospheric O2 and N2 were observed 80 cm in the 
waste Kjeld et al. (2014), with O2 concentrations reaching 0.75 – 16.25 v/v% (average of 8.14 v/v%) 
and, for N2, 5.85 – 73.40 v/v% (average of 46.1 v/v%), 80cm into the waste layer (Kjeld et al., 2014).  
It was suggested that negative pressure gradients were generated due to the suction of landfill gas 
extraction system, causing O2 ingress, through the permeable cover materials (Czepiel et al., 2003). 
Scheutz et al. (2014) recently noted the presence of significant concentrations of O2 in waste cells at 
a biocover feasibility study in Denmark.  Scheutz et al. (2014) indicated that the introduction of 
atmospheric air to the landfill was caused by either a pressure gradient or diffusion mechanisms. 
Scheutz et al. (2014) further highlighted that other processes could cause negative pressure gradients 
such as a high level of CH4 oxidation, as the net reaction of this reduces gas volume (Kjeldsen, 1996). 
Furthermore, Rafela Franqueto from UNICENTRO, Brazil  (Franqueto, 2017) performed fieldwork 
at the Guarapuava landfill, located in southern Brazil, and observed the presence of O2 within waste 
cells vary consistently (2014-2017) in areas with interim cover systems, from personal 
communication with lead project engineers (Alexandre Cabral from Université de Sherbrooke 
Canada and Waldir Schirmer from UNICENTRO, 2017). The only time in the monitoring period that 
the O2 level was observed to diminish was over the wet season, where it fell below the detection limit. 
Once the landfill cover conditions were unsaturated, O2 concentrations increased back to previous 
observed levels.   
2.4 Aerobic activity estimation in landfills has been dominated by CH4 oxidation  
Despite O2 levels being observed at sufficient conditions to facilitate aerobic microbial activity, there 
has been limited investigative efforts to quantify the extent and rates of anaerobic digestion, CH4 
oxidation and composting in a semi-aerobic landfill environment simultaneously. Aerobic processes 
will reduce the overall CH4 production potential of landfilled waste, either through direct oxidation 
of the produced CH4 or the diversion of organic carbon to the aerobic degradation pathway of 
composting.  An assessment of all three of these mechanisms occurring simultaneously in a landfill 
setting is required, as previous conceptualisations of landfill view these processes as existing within 
isolated and discrete phases.  
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Indeed, in the past the classification of both aerobic and anaerobic biochemical mechanisms involved 
in landfill was revisited by Bogner et al. (1996). Until this point in the literature, the concept of the 
five key phases of degradation activity in landfill by Tchobanoglous et al. (1993) had not been 
challenged (Section 2.2). Using a combination of gas composition and stable isotope data from 130 
US landfills, Bogner et al. (1996) highlighted that there was a significant proportion of aerobic 
behaviour. It was concluded by Bogner et al. (1996) that CH4 oxidation was the dominant aerobic 
process within the soil surface. This inference was supported by Bergmaschi and Harris (1995) for a 
German landfill where the behaviour in the stable isotopic signatures for carbon were better described 
by CH4 oxidation than composting alone. Since this point in the literature, composting (aerobic 
decomposition) has typically been neglected for landfilled waste.  
The area of CH4 oxidation research exploded in waste management literature in the late 90s as it was 
identified as means to manage GHG emissions through engineered bio-covers. This is particularly 
prevalent in European countries where there are stringent guidelines on the rehabilitation standards 
and the allowable CH4 emissions post-closure for landfill facilities (Consortium for Landfill 
Emissions Abatement Research, 2015). There are three established techniques for estimating the 
efficiency and capacity of CH4 oxidation in landfill covers including carbon mass balance (Bogner 
and Spokas, 1993), concentration ratio (Christophersen et al., 2000, Gebert et al., 2011b, Pratt et al., 
2013) and stable isotope analysis (Liptay et al., 1998). Each of these techniques are discussed 
critically in the following sections. There has been a shift in recent literature to understanding the 
types of biological activity occurring in landfill through heat budgets, a short discussion of this 
method is also outlined (Hanson et al., 2013, Megalla et al., 2016). 
2.4.1 Mass balance analysis  
The mass balance model for CH4 was proposed by Bogner and Spokas (1993). This has been applied 
numerous times in column studies and landfill settings, using a combination of flux measurements 
from static chambers and soil gas profiles to calculate an estimate of CH4 oxidation (Stern et al., 2007, 
Huber-Humer et al., 2009, Spokas and Bogner, 2011, Abushammala et al., 2012). A carbon balance 
is formulated across the top and base of the landfill cover, with the amount of CH4 oxidised defined 
by the difference between the CH4 flux at the surface and the waste-cover interface (Eq. 2-6). 
Additional assumptions of this approach include that the system is at steady state conditions, no CO2 
is dissolved in water and the CO2 production from composting processes was considered negligible. 
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𝐽𝐶𝐻4,𝑏𝑜𝑡𝑡𝑜𝑚 + 𝐽𝐶𝑂2,𝑏𝑜𝑡𝑡𝑜𝑚  = 𝐽𝐶𝑂2,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐽𝐶𝐻4,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑟𝐶𝑂2,𝑐𝑜𝑚𝑝𝑜𝑠𝑡𝑖𝑛𝑔                       (2-6) 
The major limitation with this technique is that it is inherently difficult to measure the flux at the base 
of the landfill cover without disturbing the system (Chanton et al., 2009, Sadasivam and Reddy, 
2014). This is overcome by assuming that the relationship between the fluxes of CH4 and CO2 and 
the concentrations is equal at the base of the cover (see Eq. 2-7). The rate of CH4 oxidation is 
expressed in molar [mol C m-2d-1] or mass form [g C m-2d-1]:  
𝑟𝐶𝐻4,𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 = [𝐽𝐶𝐻4,𝑏𝑜𝑡𝑡𝑜𝑚 − 𝐽𝐶𝐻4,𝑠𝑢𝑟𝑓𝑎𝑐𝑒]                                      (2-7) 
𝐽𝐶𝐻4,𝑏𝑜𝑡𝑡𝑜𝑚 =
𝐶𝐶𝐻4,𝑏𝑜𝑡𝑡𝑜𝑚
𝐶𝐶𝑂2,𝑏𝑜𝑡𝑡𝑜𝑚+ 𝐶𝐶𝐻4,𝑏𝑜𝑡𝑡𝑜𝑚
× [𝐽𝐶𝑂2,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐽𝐶𝐻4,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑟𝐶𝑂2,𝑐𝑜𝑚𝑝𝑜𝑠𝑡𝑖𝑛𝑔]                     (2-8) 
Where 𝐽𝐶𝐻4,𝑏𝑜𝑡𝑡𝑜𝑚  is the CH4 flux migrating from waste layers into the soil cover, 𝐽𝐶𝐻4,𝑠𝑢𝑟𝑓𝑎𝑐𝑒  is the 
surface emission of CH4, 𝐽𝐶𝑂2,𝑏𝑜𝑡𝑡𝑜𝑚  is the CO2 flux migrating from waste layers into the soil cover, 
𝐽𝐶𝑂2,𝑠𝑢𝑟𝑓𝑎𝑐𝑒  is the surface emission of CO2 and 𝑟𝐶𝑂2,𝑐𝑜𝑚𝑝𝑜𝑠𝑡𝑖𝑛𝑔 is the rate that CO2 is produced from 
composting of soil organic matter in the landfill cover.  
There has been a renewed interested in assessing the composting ability of landfill covers, with the 
advent of materials like compost and mulch being used in conjunction with soil to cap cells. 
Composting started being accounted for through independent batch or column style experiments or 
derived from utilising Q10 values describing the level of respiration activity based on temperature 
(Einola et al., 2009, Einola et al., 2007). However, there have been contradictory reports of the 
magnitude of composting relative to methane oxidation in literature. Currently, there is no consensus 
at what point accounting for composting is necessary. 
Gebert et al. (2011a) assessed the CH4 oxidation and soil respiration/composting ability of a mature 
landfill final cover in parallel incubations.  Gebert et al. (2011a) identified that the magnitude of 
composting was minimal ranging from 0.2 to 14 μg CO2 gdw -1 h-1. This low level of activity could be 
explained by the total organic carbon content (TOC) of the soil ranging from 0.4 to 4 w/w%. When 
this value is compared against the results obtained for methane oxidation assays, it was found that 
composting formed less than 10% of the activity. In a companion study by Gebert et al. (2011b), it 
was found in incubation studies that as the rate of CH4 oxidation increases, the rate of respiration 
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decreases exponentially. In contrast, Scheutz et al. (2011) has demonstrated that composting can 
occur at comparable levels in a cover containing high organic carbon levels; in this case a compost 
bio-cover with a 29.3 w/w% volatile solid (VS) content. Scheutz et al. (2011) also highlighted that 
the level of pre-incubation CH4 flux exposure to soil cores determined the subsequent performance 
of the rates of CH4 oxidation.  Scheutz et al. (2011) identified that composting could be comparable 
to the rate of CH4 oxidation at a medium gas flux level of 59g CH4 m
-2 d-1with 29.7μg CO2 gdw -1 h-1 
and 40.8 μg CO2 gdw -1 h-1 respectively.  
The rate of O2 uptake associated with respiration was also estimated by Scheutz et al. (2011) through 
performing aerated control tests where CH4 was not fed to the bottles. Scheutz et al. (2011) observed 
that the rate of O2 uptake in the control tests was 5-42% of the O2 uptake in bottles fed with CH4. 
This is in direct contrast to previous work by Scheutz et al. (2004) that with soils exposed to LFG, 
where O2 consumption by respiration processes consistently account for only a minor fraction (< 
10%) of O2 consumption. Scheutz et al. (2011) found that when respiration was not included in the 
balance that oxidation was over-predicted between 14 and 32%. The mass balance for the case of 
CH4 oxidation only (eq. 2-7) was approached when the CO2 in the control experiments was included. 
These observations show that it is important to include respiration as a CO2 production source for 
landfill covers in carbon mass balances with O2 ingress and high composition of soil TOC.  
2.4.2 Concentration ratio analysis 
In the past, profiles of CH4, CO2 and O2 concentrations have only been used as a qualitative indicator 
of CH4 oxidation and given an approximate location of where methanotrophic activity occurs in a 
landfill cell. The profile method was adapted for landfill from a boreal forest soil study by Kim et al. 
(2007).  Gebert et al. (2011b) suggested comparing the ratio [CO2: CH4] at a set depth and at the 
surface; an idea that was initially presented by Christophersen et al. (2000). When CH4 oxidation is 
occurring through the cover, the ratio of [CO2: CH4] will increase as CH4 is consumed and CO2 is 
produced by methanotrophs. The larger the ratio increases, the greater the degree of CH4 oxidation is 
experienced in the cover. This approach assumes the contribution of heterotrophic (soil cover) or 
autotrophic (plant roots) respiration to CO2 levels is negligible (Gebert et al., 2011b). This assumption 
is valid when high fluxes or CH4 oxidation rates occur in column studies (Gebert et al., 2011b). The 
calculation of CH4 oxidation efficiency is expressed as: 
𝐶𝑂2,𝐿𝐹𝐺+𝑥
𝐶𝐻4,𝐿𝐹𝐺+𝑥
=
𝐶𝑂2,𝑖
𝐶𝐻4,𝑖
                              (2-9) 
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𝐸𝑓𝑓𝑜𝑥 =
𝑥
𝐶𝐻4,𝐿𝐹𝐺
                            (2-10)  
Where CO2; LFG is the CO2 concentration of the biogas [v/v%]; CH4; LFG is the CH4 concentration of 
the biogas [v/v%]; x is the share of oxidised CH4 [v/v%]; CO2; i is the CO2 concentration at depth i 
[v/v%]; CH4; i is the CH4 concentration at depth i [v/v%]; Effox is the CH4 oxidation efficiency as [%]. 
2.4.3 Energy balances and heat budgets 
In a similar fashion to mass balance approaches to landfills, the idea of heat budget through energy 
balances over waste parcels has been developed (Hanson et al., 2013, Megalla et al., 2016). One-
dimensional heat transfer models heavily rely on empirical relationships to describe key parameters 
of specific heat capacity and thermal conductivity of waste (Megalla et al., 2016).  Another challenge 
of these methods, is incorporating the mechanics of waste settlement, decay of the solid mass, change 
in waste density and accumulation of biomass over time.  
Preliminary composite models have been developed for the compressibility of MSW landfills to 
describe the initial compaction, long-term mechanical creep and biological decomposition (Marques 
et al., 2003). However, Marques et al. (2003) did not discretely determine the proportion from each 
mechanism, but rather determined the total settlement changes by performing a non-linear regression 
analysis between the model and field observations. The authors cited the difficulty in determining 
values in independent laboratory tests. In addition, there was no sensitivity analysis performed on 
critical variables of waste composition, moisture content, compaction, precipitation or temperature.   
There is conflicting discussion around the O2 concentration levels in the waste profiles by Megalla et 
al. (2016). Aerobic activity is only considered in the top waste lift, despite some described 
disturbances to waste lifts close to gas infrastructure. It is unclear what the O2 constraint in the 
modelling was to discount aerobic activity to only the uppermost waste layer, with no justification 
provided. Furthermore, there is no measurement of the biogas composition through the monitoring 
bundles, the ratio of CH4/CO2 and O2/N2 can qualitatively provide information about the type of 
biological activity and consumption trends of key gas species. This would add value to the work 
presented, as the method developed by Megalla et al. (2016) is highly dependent on the empirical 
relationships used to describe the natural system and method of calibration to the field data.  
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2.5 Stable isotope analysis for environmental tracing 
Measuring gas fluxes in and out of landfill cells for mass and energy balance approaches is a difficult 
task; to overcome this limitation of analysis, stable isotope measurement has been widely used in 
field and column incubation studies (Chanton et al., 2009). The variation in the ratio of rare to 
common isotopes is used to trace environmental systems including groundwater, marine and 
terrestrial biomes. Isotope notation commonly used is defined as follows: 
𝛿 = 1000 × [
𝑅𝑆𝐴𝑀𝑃𝐿𝐸
𝑅𝑆𝑇𝐴𝑁𝐷𝐴𝑅𝐷
− 1]                           (2-11) 
where RSAMPLE is the ratio of heavy/light isotopes in the sample and RSTANDARD is the ratio of the 
isotopes of the relevant standard.  
The isotope ratio of the standard for different elements are prescribed from the International Atomic 
Energy Agency in Vienna. Carbon is compared relative to Vienna Pee Dee Belemnite (VPDB). 
Whilst, Vienna Standard Mean Ocean Water (VMSOW) is used as the reference for oxygen and 
hydrogen isotopes. For the stable carbon (13C,12C) isotope system, RSAMPLE = 
13C/12C and RSTANDARD 
= 0.01124 (Liptay et al., 1998). δ is expressed in per mil (‰) units to represent the difference between 
the sample and the standard. As these differences are quite small, a factor of 1000 is applied to make 
the differences notable  (Fry, 2003). Based on Equation 2-11, if a sample has less of the heavy isotope 
compared to the reference, the δ value will be negative, indicating a depletion. The inverse, δ positive 
indicates that the sample is enriched relative to the standard. 
2.5.1 Biological systems and preferential isotope effects 
Microorganisms tend to metabolise the lighter isotopic forms of key substrates as they have a lower 
energy cost to break molecular bonds. This gives rise to preferential effects described as isotopic 
fractionation, these can either take a kinetic or equilibrium form (Kendall and McDonnell, 2012). 
Each process be identified by a characteristic response between substrates and metabolic products, 
represented as fractionation factors. The kinetics of slower mechanisms are likely to have a greater 
fractionation effect as the organisms have time to be selective (Kendall and McDonnell, 2012).  
For example, Coleman et al. (1981) analysed the process of methane oxidation (αOX) in terms of stable 
isotopes and determined that it was characterised by a kinetic isotope effect, defined as: 
𝛼 =
𝑘𝐿
𝑘𝐻
                               (2-12)   
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where kL refers to the first order rate constants for the reaction of 
12C-CH4, 
1H-CH4 and kH refers to 
the rate constants of 13C-CH4, 
2H-CH4. As methanotrophs prefer the lighter isotopic species, this 
implies that αOX for CH4 oxidation will be greater than 1. The observed range in αOX values vary from 
1.008 to 1.031 for terrestrial and marine environments (Chanton et al., 2005). A detailed discussion 
regarding the characterisation of fractionation factors for the key reactions in a landfill are presented 
later in this review. 
Fermentation and respiration process are one of the exceptions of biological processes having strong 
preferential effects. These mechanisms appear to have no preference for the form of the carbon 
substrate (Corbett et al., 2013). In this instance, the signature of the CO2 produced by this process is 
the same as the starting signature of the organic material. Characterising organic matter with carbon 
isotopes is complex, as the bulk MSW is a mixture of components. However, organic materials can 
be traced back to their carbon origins. There are three photosynthetic pathways each with a unique 
discrimination against fixing 13C-CO2 and therefore each producing organic material with different 
abundances of 13C. These pathways are C3, C4 and crassulacean acid metabolism (CAM). 
The distinction between C3 and C4 pathways has been utilised in the analysis of terrestrial systems  
(A. Hobbie and Werner, 2004). On average, C3 plants will exhibit a δ13C signature of -28:1 ± 2:5‰; 
whilst C4 plants δ13C signature of -13:5 ± 1:5‰ (O'Leary, 1981) (O'Leary, 1981). The rates of 
decomposition of C3 and C4 derived biomass are different. Wynn and Bird (2007) showed that where 
there is a mixture of C3 and C4 derived biomass, C4 derived biomass will degrade faster. Evidently, it 
is important to characterise organic matter or soil samples for C3 and C4 proportions. It is expected 
that that the δ13C-CO2 signature for freshly landfilled waste would reflect values of -10 ‰ to -30 ‰ 
that are typical of terrestrial plants (Hackley et al., 1996, Baedecker and Back, 1979).   
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2.5.2 Stable isotopes for methanogenic and methanotrophic environments: biogas and 
formation waters 
Through comprehensive data collection across a variety of environmental systems, areas were 
developed to delineate the regions of activity and isotopic shifts characteristic of methanogenic and 
methanotrophic organisms (Whiticar, 1999, Whiticar et al., 1986). 2δH, 13δC are used to classify the 
origin of CH4 produced and identified the trend for methanotrophic behaviour by developing cross-
plots (Figure 2-3). These Whiticar plots are utilised as an initial point of investigation to rapidly form 
qualitative indicators of ecosystems. Hackley et al. (1996) later applied this method for characterising 
landfill gas using isotope data obtained from several sites from vent or extraction wells in the US. 
Variations in the 13C-CO2 across sites was related to the maturity of the landfill, with younger sites 
having isotopically lighter samples as proposed by Baedecker and Back (1979). Landfill gas typically 
sits between bacterial CO2 and acetoclastic dependent methanogenesis domains, with thermogenic 
gases observed at a much higher range. However, the development of Whiticar plots assumes that 
precursor isotopic values are relatively constant (Chanton et al., 2005). Waldron et al. (1999) showed 
that there is a strong dependence of 2δH-CH4 on environmental 2δH-H2O. Chanton et al. (2005) 
concluded that 2δH-CH4 cannot be associated with methanogenesis in an absolute manner and that 
the 2δH-H2O effect needs to be addressed. 
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Figure 2-3: Whiticar plots (Whiticar, 1999, Whiticar et al., 1986) (A) Stable carbon isotope system 
of 13δC -CO2 vs 13δC –CH4; (B) Cross-plot for CH4 species of 13δC, 2δH.   
(A) 
(B) 
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In a landfill system, 2δH-H2O can be used as a reactant in fermentation. 2δH-H2O in the landfill could 
be related to rainwater, but water is also entrained in the incoming waste. There is also potential for 
moisture to be lost through soil evaporation. For field locations, a local meteoric water line (LMWL) 
can be developed. This is compared to the global meteoric water line (GMWL) (Craig, 1961) (see eq. 
2-13); this is a reaction of the differences in 18δO; 2δH equilibrium fractionation factors. For Brisbane, 
the LMWL was derived by Crosbie et al. (2012) (see eq. 2-14). 
2δH = 8 18δO + 10‰                              (2-13) 
2δH = 7.6 18δO + 12.8‰                              (2-14) 
During a rainfall event, a proportion of water will migrate through upper layers of soil. The rate of 
water transport will depend on the permeability and soil micro-structure  (Muennich et al., 1980). 
Where possible, water will pass through to the saturated zone and approach a uniform mixture 
spatially and temporally provided the (1) amount of precipitation from a new rainfall event compared 
to the overall groundwater pool is small and (2) there are no fractionation effects due to evaporation, 
preferential flow, root systems or exchange with atmospheric vapour (Barnes and Allison, 1988).  
Since these developments, there have been an array of case studies across different ecosystems. For 
rice paddies, there has been an extensive focus by Zhang et al. (2015) deriving carbon isotopic 
fractionation factors for CH4 oxidation and anaerobic digestion processes from two substrates (soil 
and roots) in saturated and unsaturated phases of operation. At the boundary of landfill operations, 
Sanci and Panarello (2016) have assessed the interaction of local groundwater systems with leachate 
using qualitative techniques. Recent work by Townsend‐Small et al. (2016) focussed on comparing 
site-specific and whole-area measurement methodologies for GHG emissions, utilising isotopes to 
distinguish the contribution and evolution of sources.  
2.5.3 Stable isotopes as an analytical tool for methane oxidation in landfill 
Although Coleman et al. (1981) identified the isotopic fractionation behaviour of CH4 oxidation, the 
application of this technique to landfill did not occur until Bergamaschi and Harris (1995). In this 
paper, Bergamaschi and Harris (1995) treated CH4 oxidation in a landfill as a closed system model, 
where the fractionation factor was determined with a Rayleigh model, expressed as: 
𝑅
𝑅0
= 𝑓𝛼−1                                (2-15) 
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Where R is the ratio of isotopes in the reactant; R0 is the initial ratio; f is the fraction of material 
remaining and α is fractionation factor for the process. 
Liptay et al. (1998) challenged the use of a closed isotope model for landfills. Instead, Liptay et al. 
(1998) proposed a flow through, open system where gas from the anaerobic layer is either oxidised 
or escapes through the surface of the landfill (Figure 2-4). This branch point can be analysed for 
isotopic fractionation by a mass balance (Monson and Hayes, 1980). By the conservation of mass, 
the 12C and 13C in reactant stream 1 must be balanced by the 12C and 13C in product streams 2 and 3. 
𝐹.
13
1 = 𝑓0 𝐹.
13
2 + (1 − 𝑓0) 𝐹.
13
3                          (2-16) 
Where 13F designates the fractional abundance of 13C =13C/ (13C+12C) and fO represents the mole 
fraction of CH4 oxidised.  
 
Figure 2-4: Open system isotope model for CH4 oxidation in a landfill cover. 
A second set of expressions can relate the isotopic compositions in the streams to the source at the 
branch point. 
𝑅2 =
𝑅1
𝛼2
, 𝑅3 =
𝑅1
𝛼3
                           (2-17) 
𝛼2𝑅2 = 𝛼3𝑅3                            (2-18) 
Where R represents the (13C/12C) in each stream and α describes isotopic fractionation from each 
process. The R of the source may not be directly observable, which has led to studies using (eq. 2-
18) (Monson and Hayes, 1980). The simultaneous solution of (eq. 2-16) and (eq. 2-18) appears 
straightforward, but requires unit conversions between isotope ratios (R) and fractional abundances 
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(F). Looking at a system in terms of δ notation is more complex and is defined by an approximate 
form where Δ2 = (𝛼2 − 𝛼3) × 10
3 and 𝛿 = 𝛿𝐶𝑃𝐷𝐵
13  (Fry, 2003). 
𝛿2 = 𝛿1 − (1 − 𝑓0)Δ2                           (2-19) 
𝛿3 = 𝛿1 − 𝑓0Δ2                            (2-20) 
It is not practical to directly measure the isotope signature of CH4 that is being oxidised (δO) in a 
landfill. However, the isotope signature being emitted to the atmosphere (δE) is readily measured. 
Based on this approximate form (eq. 2-20) by Blaire et al. (1985) and Monson and Hayes (1982), the 
following equation is developed: 
𝛿𝐸 = 𝛿𝐴 + 𝑓0(𝛼𝑂𝑋 − 𝛼𝑇𝑅𝐴𝑁𝑆) × 1000                           (2-21) 
Where δE is emitted CH4, δA is CH4 within the anaerobic layer beneath the oxidising layer, fO fraction 
of CH4 oxidised, αOX fractionation factor for oxidation and αTRANS fractionation factor for gas 
transport. 
To simplify the approach further, Liptay et al. (1998) assumed that the gas mass transfer was 
dominated by advective transport, 𝛼𝑇𝑅𝐴𝑁𝑆  → 1. There have been concerns expressed about suitability 
of this assumption with authors suggesting that the mass transport effects can be significant for the 
case where the gas fluxes are low (De Visscher et al., 2004, Powelson et al., 2007). This case would 
be likely in mature landfills, where diffusion will become the dominant mode of gas transport.  
For the parameter δE,  Chanton et al. (2007) suggested that soil probes close to the soil surface may 
be more reliable than flux measurements. Chanton et al. (2007) hypothesised that a static chamber 
may have issues with diffusive gas effects. This has gained little traction in the research community, 
with studies continuing to utilise δE from chamber readings expressed as: 
 𝛿𝐸 =
𝛿𝐹𝐶𝐹−𝛿𝐼𝐶𝐼
𝐶𝐹−𝐶𝐼
                            (2-22) 
Where δI and CI are the CH4 isotopic signature and concentration for the initial gas sample taken from 
the chamber and δF and CF refer to the final sample obtained. 
Further work has been conducted to identify the accuracy and the uncertainty of fractionation factors 
and how these characteristics can be estimated in laboratory or field studies. There have been 
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improvements for landfill covers by accounting for the interaction between soil characteristics, gas 
transport dynamics and environmental conditions. Chanton and Liptay (2000) presented a method for 
resolving the effect of temperature with soil cover types, with correlations developed for mulch and 
clay. There has been some consideration of climatic zones on αOX performed across the US, with 
warmer climates yielding higher levels of CH4 efficiency (Chanton et al., 2010). 
Authors have expanded on the work of De Vischer et al. (2004) with a focus on the evolution of soil 
characteristics in a landfill and how this influences fractionation factors of gas transport and CH4 
oxidation. Indeed, it was identified by Gebert et al. (2013) that diffusive fractionation effects 
increased with decreasing level of compaction in a column test with  αTRANS  = 1.008 at 95% of the 
Protocor density and αTRANS = 1.016 at 85% of the Proctor density. In the field analysis, Gebert et al. 
(2013) identified that there was spatial and temporal variation in fractionation terms when the CH4 
performance varied across the landfill site. At low rates of CH4 oxidation (1-25 g CH4 m
-3soil air h-1) 
caused a high extent of fractionation (αOX = 1.15), whilst at high rates (>100 g CH4 m-3soil air h-1) 
the fractionation (αOX → 1), implying that there was no preferential oxidation of CH4. This was not 
entirely an unexpected result, as Templeton et al. (2006) determined that the fraction of  total CH4 
oxidised per unit time significantly influences αOX, with αOX decreasing with increasing turnover rates 
and cell densities. This effect was also observed by Chanton et al. (2008) where αOX decreased non-
linearly with increasing maximum CH4 oxidation rates (Vmax), indicating less discrimination at higher 
turnover rates at isothermal conditions.   
Cabral and Capanema (2012) determined that a small variation in the value of αOX by ±0.5% lead to 
vastly different results for CH4 oxidation efficiencies for the same data set. It is evident that regular 
revisions of these critical parameters are required due to the high impact of temporal and seasonal 
effects on the geophysical characteristics of the cover and gas transport. Gebert et al. (2013) suggested 
that fractionation factors are determined at each campaign of measurement for a landfill survey.   
2.5.4 Stable isotopes for anaerobic digestion in landfill and facultative environments 
For CH4 generation, stable isotope analysis was thought to be complicated by two methanogenic 
pathways of acetoclastic methanogenesis (referred to in isotope literature as acetate fermentation) and 
hydrogenotrophic methanogenesis (referred to as CO2 reduction). It is possible to qualitatively 
distinguish which process is dominant, yet it is difficult to define the fraction of CH4 produced from 
each mechanism (Conrad, 2005). There has been interest in quantifying the contribution of 
methanogenic pathways using stable carbon isotope signatures for landfills (Raco et al., 2014). To 
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describe the proportion of each methanogenesis pathway, the isotope effects during reactions, the 
signature of CH4 and its precursors must be known (Conrad, 2005). This is performed by setting up 
a mass balance over the system. Total CH4 production can be described by fractional yields and 
isotope compositions of substrates and products (Mariotti et al., 1981, Gelwicks et al., 1994): 
𝛿𝐶𝐻4 = 𝑓𝑚𝑐𝛿𝑚𝑐 + (1 − 𝑓𝑚𝑐)𝛿𝑚𝑎                            (2-23) 
Where the subscript ma indicates CH4 from acetoclastic methanogenesis, mc indicates CH4 from CO2 
reduction; f represents the fraction of CH4 derived from each pathway; with the abbreviations for the 
13C signatures of total CH4 (δCH4), acetate-derived CH4 (δma), CO2 derived CH4 (δmc). 
The carbon and 13C flow through a methanogenic environment is described by a complex network, 
due to the multiple biochemical reactions involved in digestion (see Figure 2.5). It is evident that δma; 
δmc can only be described if the isotope effects (Δma; Δmc) are known. These are easily expressed 
through the respective fractionation factors (αma; αmc) defined from the nature of their precursors: 
𝛼𝑚𝑎 =
𝛿𝑎𝑐+1000
𝛿𝑚𝑎+1000
                             (2-24) 
𝛼𝑚𝑐 =
𝛿𝐶𝑂2+1000
𝛿𝑚𝑐+1000
                            (2-25) 
However, in practice, data for isotopic values for acetate is rare. There are only two environments 
where the isotope signature for acetate methyl has been measured e.g. rice paddy soil (Sugimoto and 
Wada, 1993) and soil sediment (Blair and Carter, 1992). The isotopic signature 13C of carboxyl and 
methyl groups differ significantly (> 14‰) (Blair and Carter, 1992).  This complicates the analysis 
as isotope measurements for the total acetate do not reflect the methyl acetate behaviour. As a result, 
approximations are made by using the δorg signature of the organic substrate as a constraint (Conrad, 
2005, Goevert and Conrad, 2009, Ho et al., 2013). In some instances, experiments are designed in a 
manner to inhibit one pathway, through H2 saturation (Conrad, 1999, Conrad and Klose, 1999a, 
Chidthaisong et al., 2002, Valentine et al., 2004a, Valentine et al., 2004b) or dosing of methyl fluoride 
(Conrad and Klose, 1999b, Penning and Conrad, 2007, Conrad et al., 2009, Mach et al., 2015) to 
resolve what the behaviour would be in the mixed system.  
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 Figure 2-5: C and 13C flow in methanogenic environments with non-competitive substrates and pathway independent model adapted from Vinson et al. 
(2017) and Conrad (2005).   
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Alternatively, the system can be described by an apparent fractionation factor αc and αD by the 
measured level of CO2 and CH4 (Whiticar et al., 1986). αc is a composite of αma, δma and fmc. αc is 
used in conjunction with αD to qualitatively characterise methanogenic environments indicated in 
Table 2-1. The fractionation factors αc and αD are expressed as: 
𝛼𝐶 =
𝛿13𝐶−𝐶𝑂2+1000
𝛿13𝐶−𝐶𝐻4+1000
                       (2-26) 
𝛼𝐷 =
𝛿2𝐻−𝐻2𝑂+1000
𝛿2𝐻−𝐶𝐻4+1000
                       (2-27) 
Table 2-1: αD, αc classification for methanogenesis (Whiticar et al., 1986) 
Dominant pathway αc  αD 
CO2 dependent methanogenesis > 1.065 ≈1.2 
Acetate dependent methanogenesis < 1.055 ≈1.45 
Both 1.055 < 1.065 n/a 
The investigation into non-competitive substrates has expanded considerably, with methylotrophic 
methanogenesis being observed for Methanolobus by (Whitman et al., 2014). For mixed communities 
where there is sufficient concentrations of sulphate, iron (III) and nitrate, heterotrophic bacteria can 
aggressively outcompete methanogens for acetate, formate and H2 (Vinson et al., 2017). In the case 
of sulphate reducers, these substrates could be converted to CO2 and could shift the isotopic signature 
of the total pool in a different direction to the dominate methanogenesis mechanism.  
Consequently, apparent fractionation factors for anaerobic digestion may not be accurately conveying 
the nature of the metabolic pathway dominating the ecosystem, in the case of (1) methylotrophic or 
acetoclastic methanogenesis may exhibit trends anticipated for hydrogenotrophic methanogenesis 
(references); (2) difficult to match the field conditions in laboratory incubations, so the substrate-
environment relationship is not adequately reflected; (3) influences of environmental characteristics 
(temperature and salinity); (4) interactions with non-methanogenic mechanisms from in-situ gas 
samples.  Vinson et al. (2017) proposed a pathway-independent model to describe the proportion of 
organic carbon (CLMW) that is converted to CH4 (Figure 2-5). The system is simplified by grouping 
all methanogenesis and non-methanogenesis pathways in a simple, steady state isotope balance: 
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𝛿13𝐶 − 𝐿𝑀𝑊 ≈ 𝑓[𝛿 𝐶13 𝐻4] + (1 − 𝑓)[𝛿 𝐶
13 𝑂2]              (2-28) 
Where f is defined by all possible methanogenesis pathways: 
𝑓 ≈
𝜑1
𝜑0+𝜑1
≈
𝜑11+𝜑21+𝜑31
𝜑10+𝜑11+𝜑12+𝜑20+𝜑30+𝜑31+𝜑32
              (2-29) 
In the case of where f=0, this implies there is no methanogenesis occurring and the CLMW is all being 
converted to CO2, likely due to composting or fermentation mechanisms. The maximum limit of this 
parameter, fmax will reflect the biodegradability of the starting organic substrate. 
The understanding of the stable hydrogen isotope system in anaerobic environments is even less 
established (Chanton et al., 2005). Classifying anaerobic digestion with hydrogen isotopes is 
problematic, biogenic CH4 (δ2H -CH4) is influenced by δ2H-H2O of water methanogens are grown in, 
exposed to by the environment or formation waters from biological reactions, the δ2H signature of 
precursor organic matter and the methanogenesis pathway utilised by the organisms (Woltemate et 
al., 1984, Valentine et al., 2004a, Conrad, 2005, Sugimoto and Fujita, 2006, Chanton et al., 2006). 
Conrad (1999) highlighted that H2 plays a significant role in the final isotopic signature, but that it is 
difficult to trace this intermediate due to its rapid turnover in environmental systems. There has been 
increased interest in utilising this for hydrothermal and geothermal systems, with a few studies 
reporting values for δ2H-H2 in field environments (Lin et al., 2005, Proskurowski et al., 2006). It is 
evident that the power of tracing H2 behaviour in mixed microbial systems would provide additional 
insight into key dynamics.  
2.5.5 Stable isotope mass balances to quantify multiple activity types in complex 
environmental and engineered systems  
Combined isotope and mass balances have been utilised for a variety of ecological systems and 
applications. These have been used to identify pollutant streams, mixing effects in food-webs, marine 
and groundwater systems (Golding et al., 2013, Belle et al., 2015, Hagedorn et al., 2016). Porowska 
(2015) has expanded upon the concept of utilising δ13C-DIC (Wimmer et al., 2013) to characterise 
landfill leachate and groundwater system interactions. Porowska et al. (2017) aimed to resolve the 
different pathways contributing to groundwater contamination and develop contours relative to the 
landfill facility and surrounding risk receptors.  
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For systems with GHG emissions, there has been a shift towards resolving multiple process which 
contribute to biogas formation, with two studies recently focussing on resolving CH4 oxidation, 
aerobic and anaerobic decomposition for wetlands. Shoemaker and Schrag (2010) aimed to develop 
a method to separate the rates of anaerobic digestion, CH4 oxidation and respiration in-situ for a 
wetland, with an inverse modelling strategy. A one-dimensional dynamic diffusion-reaction model 
was calibrated with data to reproduce isotope trends, described by the general form developed by 
(Sivan et al., 2007): 
𝛿𝐶𝑖
𝛿𝑡
=
𝜕
𝜕𝑧
(𝔻𝐴𝐵
𝛿𝐶𝑖
𝛿𝑧
) + ∑𝑅𝑖                   (2-30) 
where DAB represents the diffusive term and Ri represents the generation or consumption from 
reactions. This equation (eq. 2-30) was defined for each gas species.  
A finite difference approach solved the system of differential equations. The initial conditions are 
taken for data profiles collected from the month before the model start time. Resolving the isotopic 
contribution from CH4 oxidation versus respiration relies on the CO2 concentration profile; the non-
diffusive transport pathways are dependent on the CH4 concentration profile. Consequently, this 
introduces uncertainties on the rates of reaction. The error in the model results are difficult to predict 
due to the uncertainty of different parameters and subjective weighting of fits. 
In contrast, Corbett et al. (2013) utilised an isotope balance approach to determine the proportions of 
CO2 from fractionating and non-fractionating processes in a peatland. Corbett et al. (2013) determined 
CH4 lost at different depths in pore water by tracking CO2. The CO2 in the pore water is derived from 
two sources of anaerobic and aerobic degradation; CH4 oxidation was not considered. For laboratory 
incubations, two balance equations were developed: (1) 13δC-CO2 from methanogenesis was defined 
by the measured values of 13δC-CH4 and 13δC-OM as CO2, and CH4 production was assumed to be 
equimolar. 
𝛿𝐶13 − 𝑂𝑀 = (0.5) × 𝛿𝐶13 − 𝐶𝐻4 + (0.5) × 𝛿𝐶
13 − 𝐶𝑂2,𝑚𝑒𝑡ℎ             (2-31) 
(2) the calculated CO2 from methanogenesis (
13δC- CO2meth) and recorded total CO2 from the pore 
water (13δC- CO2pw) were used to partition the fraction of total DIC coming from non-fractionating 
(fCO2;OMdecay) or fractionating fCO2;meth process. 
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𝛿𝐶13 − 𝐶𝑂2,𝑝𝑤 = 𝑓𝐶𝑂2,𝑚𝑒𝑡ℎ 𝛿𝐶
13 − 𝐶𝑂2,𝑚𝑒𝑡ℎ + (1 − 𝑓𝐶𝑂2,𝑚𝑒𝑡ℎ) 𝛿𝐶
13 − 𝐶𝑂2,𝑂𝑀𝑑𝑒𝑐𝑎𝑦  (2-32) 
This concept was later extended for the field setting by applying balances over depth ranges for data 
collected. Corbett et al. (2013) did not provide an explicit discussion of fractionation factors. This 
approach allowed for the proportion of activity to be described for these fen systems across the depth 
range, but not discrete reaction rate values. 
2.6 Key limitations in analysing reaction processes in landfills 
It is evident that there are unresolved issues and challenges in the landfill research community about 
methodologies used to analyse the dynamics of biodegradation processes in landfills. The main 
knowledge gap is that there has been no attempt to quantify the rates of co-existing CH4 oxidation, 
anaerobic digestion and composting in-situ in a landfill or any other facultative system. The 
measurement of aerobic activity in landfills that is reported in the literature has been heavily focussed 
on CH4 oxidation within soil covers and other engineered bio-covers, with only limited consideration 
of composting within these cover layers. As highlighted in Sections 2.3 and 2.4, the co-existence of 
anaerobic digestion with these aerobic processes has been speculated in landfill but not quantified.   
The extent and proportion of aerobic and anaerobic degradation needs to be evaluated because this 
will lead to improved management of the CH4 resource, GHG emissions and landfill operation. 
It is hypothesised that the rates of anaerobic digestion, CH4 oxidation and composting can be 
determined by the combination of stable isotope and mass balances for carbon species (CH4 and CO2). 
This is readily obtained from surface flux measurements and sampling of gas and isotope composition 
through the soil and waste profile in the field environment.  In order to combat (1) the sensitivities of 
isotopic fractionation factors and signatures and (2) the difficulty in distinctly determining these 
parameters in-situ, companion laboratory scale experiments should be utilised for municipal solid 
waste and soil cover materials.   
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2.7 Research Questions 
The central focus of this project is increasing understanding of biochemical processes in landfills 
broadly distinguished as CH4 oxidation, anaerobic digestion, and composting. The overall thesis 
objective will be achieved in the following stages, each presented as a research question. These 
questions are: 
 Research Question 1: Does O2 penetrate long term into shallow waste? What is the extent of 
O2 consumption? 
 Research Question 2: What is the extent and proportion of anaerobic digestion, composting 
and CH4 oxidation in a fresh layer of waste? 
 Research Question 3: What are the isotopic fractionation factors of anaerobic digestion and 
CH4 oxidation in soil and waste layers? 
 
Research Question 1 and 2 were investigated throughout an 18-month field trial described in Chapter 
6. In addition, elements of Question 2 were addressed in collaborative work with Dr. Reza Rafiee, 
this work has been published (Rafiee et al., 2017, Rafiee et al., 2018). Research Question 3 was 
conducted in a laboratory setting and was split into two distinct areas with cover soil layers in Chapter 
4 and waste layers in Chapter 5.  
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CHAPTER 3: MATERIALS AND METHODS 
 
The experimental work performed in this thesis consisted of laboratory and field work.  The 
techniques and methods specific to each investigation are described in the relevant result chapter. 
However, there was considerable background development to trial and refine certain aspects, 
including gas sampling, gas transport, long term gas sample storage and model formulation.  The 
establishment of these methods, including details of the design, construction and installation of the 
field equipment is described in this chapter.  The history of the landfill field site is also discussed.  
3.1 Landfill field site  
3.1.1 Site description 
The landfill field site studied was located within the Remondis Swanbank Renewable Energy and 
Waste Management Facility (27°39'32.18"S, 152°49'39.77"E) in South East Queensland (SEQ). The 
facility is located in the Swanbank Industrial Estate on Swanbank Road, with a total site area of 250 
ha, approximately 7 km south-east of Ipswich and 30 km south-west of the Brisbane CBD.  
The Swanbank landfill has been constructed on an abandoned open-cut coal mine, utilising modern 
composite liner, leachate and gas collection systems. The site has received waste from Brisbane and 
Ipswich via major transfer stations located across the SEQ region since establishment in 1997. At the 
start of this thesis in 2014, Stage 1 of the landfill was nearing completion on Lot 104 on RP839073 
(Figure 3-1).  
Through planning meetings with Remondis, a field site was selected to compliment operational 
activities, located within Stage 1 on a sloped face (batter) of approximately 200 m x 30 m with a 3:1 
slope in Cell 5a  (Kangas, 2014). The previous filling history of Cell 5a included landfill lifts spanning 
2008-2009, with an approximate depth of 10 m from survey data (Kangas, 2014). Before access to 
the site could be achieved construction of common site access roads occurred through August and 
September 2014.  
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Figure 3-1: Swanbank Landfill – Cell 5a and field site boundary indicated by shading, aerial image and lot information as provided by Queensland 
Globe initiative (Queensland Government, Department of Natural Resources and Mines) as at 20/10/2014. 
Stage 1 
Cell 5a 
Lot 104 
 RP839073 
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The batter was filled with fresh waste (domestic kerbside and commercial waste) and cover soil in 
two stages in 2014, as indicated in Figure 3-2. Waste characterisation have been performed at this 
facility for (1) bio-cell trial as described in Clarke and Xie (2014), for Stage 1, Cell 5a 2014 in Rafiee 
(2016) and the working face of Stage 1, February 2016 in this thesis (Chapter 5).   
The intermediate cover applied to the cell, ranged in thickness across the batter from 30-50cm, 
developed from stockpiled soil material on-site (Kangas, 2014). The soils within the landfill site have 
been previously described as loam, silty loam or sandy clay loam (Australian Soil Resource 
Information System (ARIS), 2015), refer to Chapter 4 for classification of the cover on Cell 5a. In 
terms of hydrogeological considerations, the facility is located on the Ipswich Coal Measures, 
characterised by a “shale, conglomerate, sandstone, coal, siltstone, basalt, tuff” (Geological Survey 
of Queensland, 1980).  
 
Figure 3-2: Site sweep of CO2 emissions conducted in October 2014 with EGM-4 and indicative 
landfill cross-section of MSW contained within the sloped area of Cell 5a.  
  
September 2014 
1.2m 
August 2014 
5.8m 
2009-2010 
~10m 
Intermediate Cover 2014 
0.3 – 0.5m 
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3.1.2 Design of field trial 
The experimental design utilised for the field trial is summarised in Figure 3-3. Static chambers were 
selected to take readings at the cell surface for the concentration and fluxes of biogas. To develop the 
concentration profile of key biogas components, gas probes were placed at various depths through 
the soil and waste profile. Isotope tracking of was performed to distinguish between anaerobic 
digestion, CH4 oxidation and composting behaviour.  
Monitoring locations were selected on the basis of site sweeps conducted in October and November 
2014 for a mixture of location types for low, medium and high biogas fluxes. A 5 x 5 m grid was 
overlaid across the experimental site with high-visibility builder’s line and marked with spray-painted 
aluminium pegs. Two site sweeps were conducted in October and November 2014 for CO2 using a 
portable gas meter (EGM-4) to identify emission trends and hotspots.  
 
Figure 3-3: Experimental design of field trial highlighting the system boundary utilised for mass 
balance modelling. Each major monitoring site included static chamber monitoring at the interim 
cover surface for gas fluxes; soil gas probes located through-out the cover and waste profile, with 
specific depths of installed equipment outlined in Chapter 6.  
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The landfill gas infrastructure system at this facility was controlled by a third party. In the design of 
the study, there were three old gas infrastructure lines that were located laterally through the batter. 
Unfortunately, the proprietary survey data and operational information for this infrastructure was not 
available for this project. For the monitoring locations selected, it was identified that Site 5 was 
located near or along the transect of one of these lateral lines. It is anticipated that if active gas 
extraction was being utilised that this would further assist gas transport of atmospheric gas into the 
waste mass via advection rather than diffusive mass transport. In the event that this region of the 
system was not active, this would imply that further gas transport of atmospheric gas into the waste 
lift could be facilitated if the pressure gradients resulted in a suction gradient.  
3.2 Instrumentation at field site 
The section provides the background information for the justification of the design, construction and 
installation of field equipment. The number and location of chambers and spears and the monitoring 
plan for this equipment is described in Chapter 6. 
3.2.1 Static flux chamber design and installation 
The focus of this thesis was to assess the behaviour of aerobic and anaerobic activity at point source 
locations in a landfill using a mass balance approach. Static chambers are commonly used for 
determining emissions at point sources; as they are capable of measuring negative and positive fluxes 
at landfill sites, which is not possible for other flux measurement methods (Abichou et al., 2006a, 
Stern et al., 2007, Bogner et al., 2011).  The number of chambers was minimised in this study, as the 
goal was to have a mixture of scenarios for investigation, rather than the traditional application of a 
preliminary characterisation study on surface emissions. 
The major limitation of conventional flux chamber designs is that gas contained in the headspace is 
not well mixed. One of the common approaches used to overcome this issue is the use of a mounted 
fan within the static chamber (Parkin and Venterea, 2010).Dever (2006) suggested an alternative 
approach, with a conical geometry design for static flux chambers which would assist the mixing of 
the gas within the chamber and prevent the formation of dead zones. The static chambers for this 
thesis were 15 L volume, a height of 0.2 m and a cross sectional area of 0.28 m2 as indicated in Figure 
3-4. The material of construction was stainless steel grade 316 for durable, light-weight and 
transportable equipment. An anchor was designed to be buried into the cover soil to seat the chamber 
during sampling and be made air-tight (Parkin and Venterea, 2010). 
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The length of analysis for static chambers is dependent on the flux level at the surface of the landfill 
cell (Livingston and Hutchinson, 1995). Deriving deployment time is best performed by physical 
experience, either by conducting a sweep or an initial chamber deployment as described by Livingston 
and Hutchinson (1995). If flux is low (< 10 g m-2 d-1) the length of experiment will need to be adjusted 
to 25-30 minutes to reach over 100 ppm for CH4 (Parkin et al., 2012, Parkin and Venterea, 2010). An 
initial sweep across the cap at the field site highlighted that the flux levels exceeded this limit and a 
long deployment time was not required. A deployment time of 15 minutes was tested for the site and 
found to be suitable. From sampling guidelines, baseline sampling times used were at 0, 1, 2, 5, 10, 
15 minutes (Parkin and Venterea, 2010). At the start of monitoring, after the chamber was seated on 
the anchor, local cover material was placed around the perimeter of the static chamber.  
Figure 3-4: Portable static flux chamber with conical geometry and ancillary ports for gas circulation 
and temperature monitoring; anchor for static flux chamber designed for permanent installation on 
landfill soil cover.  
An EGM-4 (John Morris Scientific) system was used to measure CO2 concentrations on site, by 
circulating gas from the chamber through the instrument and back to the chamber (internal pump at 
300 mL min-1), to avoid pressures effects within the chamber.  The EGM-4 detected down to the 
desired sensitivity of less than 1 % of the measurement range (0-1,000 ppm CO2) < ±10 ppm CO2. 
For sampling, the static chamber had a temperature probe installed into the gland fitting and tubing 
attached to inlet and outlet hosetail ports as indicated in Figure 3-5. A glass crimped septa adaptor 
was fitted into the tubing line to allow for collection of samples for other biogas components.  
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Figure 3-5: Static flux chamber configuration on-site at Site 5 and schematic of experimental set-up 
including EGM-4 online analyser for CO2 and sample collection port for static molecular and isotopic 
gas laboratory analysis transported via glass serum bottles.  
3.2.2 Soil and Waste Gas Probe design and installation 
The configuration of the soil and waste gas probes was adapted from Chanton et al. (2007). The gas 
probes were constructed out of stainless steel (schedule 160) tubes with 0.5" (12.7 mm) nominal 
diameter and 12 mm internal diameter. Each sampling spear has a crimped edge and four perforated 
holes drilled in the side of the tubing to allow gas to permeate and be collected for analysis. The depth 
range was initially designed from 500 mm – 2,500 mm, however the depths used for the study were 
a function of ease of installation. It was suggested that for the study that the installed separation 
distance range was 5-10 cm. For sampling purposes, the spears extended out of the cover soil surface 
by at least 20 cm. 
A fitting was constructed to protect the septa arrangement during installation with the mallet, it was 
placed over the top of the spear tube as indicated in Figure 3-6. However, due to the difficulty of 
manually installing the spears, the maximum depth was revised, with spears being trimmed and re-
welded prior to final installation. Machinery was utilised to push sampling probes into the waste layer 
in December 2014 and January 2015 as shown in Figure 3-6. Spear lengths were initially hammered 
into the ground with a mallet, until approximately 500 mm was exposed above the ground-air 
interface. The excavator then pushed in the spear in using the bucket face. For spears greater than 
1,500 mm in length, the cover soil was excavated.  
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Figure 3-6: Soil and waste gas probe installation, characteristics of sampling arrangement at top and 
base of probe, and indication of the style of configuration utilised on-site for gas sampling at mass 
balance monitoring locations Site 1 and 5.  
3.2.3 Gas shroud for short-circuiting tests 
For confidence in results from the soil sampling probes, a short-circuiting test was performed using 
helium as a tracer gas and an aluminium shroud (see Section 3.3.2 for further detail). 
3.2.4 O2 dynamic monitoring station 
After obtaining results from the field site that indicated significant fluctuations in O2 behaviour, a 
shift from monitoring snapshots with serum bottles to an online measurement system occurred. 
Originally, gas probes were configured for static sampling, with equilibration to the natural dynamics 
of the waste mass. This configuration eliminated any dynamic monitoring devices that required a 
flow-rate of gas or electrolyte solutions. An optical measurement style was determined as the best 
approach as it allowed for O2 concentrations to be determined non-invasively and conservatively (no 
O2 consumption). A PreSens® O2 data transmitter and dipping probe system was selected. This sensor 
utilises a material with fluorescence properties carried on a polymer matrix, which responds to O2 
concentrations with a measurable luminescence response level. Optical fibres interface with the 
polymer-sensor matrix to the transmitter unit to convert this response to quantifiable gas or liquid 
phase units.   
To interface the O2 probe with the primary installation of the gas probes, an adapter was constructed 
as shown in Figure 3-7A. The base of the fitting was sealed to the existing spear top via an O-ring 
and clamp. Each of the probes were fed through cable glands to the desired depth at the spear tip to 
measure the gas phase at the base point. After transitioning to a different monitoring location, the gas 
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probe was re-crimped, sealed with a new butyl rubber septum, and purged. The crimped septum port 
was used to collect samples for laboratory analysis for stable isotopes and molecular gas components. 
A mount for a weatherproof enclosure to house the PreSens® O2 data transmitter was constructed as 
shown in Figure 3-7C and D. Star pickets were driven into the soil cover on the batter and capped 
with orange lids. The station was secured to the posts to prevent interference from soil erosion or 
water channelling during rainfall events. All protruding cables were covered with electrical tape 
through weather box joints.  
Initially, a Goal Zero® solar panel was implemented to support the system for the first long term 
deployment. This design did not sustain power for the full period as the dusty conditions at the landfill 
site limited the charging capacity of the device and was abandoned to utilising rechargeable batteries 
that were exchanged on a two-weekly cycle.  Preliminary measurements of O2 conducted across 
December 2015 – January 2016 identified that the temperature conditions within the shallow waste 
varied. The system was adapted to include a temperature probe to correct the O2 concentrations 
measured. To interface both, the O2 and temperature probe with the primary installation of the gas 
probes, a T-join style fitting was constructed (see Figure 3-7B). This was implemented in a test deploy 
in March, with the final unit utilised in April – June 2016.  
 
 
 
 
 
 
 
 
Figure 3-7: Dynamic O2 monitoring installation and configuration on-site (A) View of fitting with 
crimped septum port to collect gas samples for laboratory analysis (B) Revised T-fitting for 
retrofitting gas probes, PreSens O2 and temperature probe; (C) PreSens O2 data transmitter with initial 
installation coupled with Goal Zero ® solar panel (D) O2 monitoring station at Site 5. 
(B) (C) (D) (A) 
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3.3 Procedures for gas sampling, storage and transport 
3.3.1 Field sampling and biogas analysis 
All gas samples were collected by gas-tight syringe and stored in serum bottles.  Samples were large 
enough to first flush the bottle before filling the bottle with sample (see Section 3.3.3). For molecular 
gas composition monitoring, samples were analysed via gas chromatograph (GC) using three 
replicates for CO2 and CH4 (Shimadzu GC-8A FID with 100/120 mesh ShinCarbon ST micropacked 
column) and O2 and N2 (Shimadzu GC-8A TCD with 80/100 mesh Molesieve 5A column). 
Calibration for both GCs was performed using external gas standards obtained from British Oxygen 
Company (BOC). All isotope samples were determined in the Stable Isotope Geochemistry 
Laboratory, University of Queensland using an Isoprime/Agilent Gas Chromatograph-combustion-
isotope ratio mass spectrometer (GC-c-IRMS). The δ13C and δ2H values (per mil ‰) were normalised 
to the Vienna Pee Dee Belemnite (VPBD) and VSMOW standards respectively. Precision is quoted 
at ± 0.3‰ δ13C and ± 3.0‰ δ2H at 1 standard deviation. 
3.3.2 Short circuiting testing configuration and correction factors for gas probes 
There was concern that air might be drawn from the surface, along the wall of the spears to the 
sampling point at the tip of the spears.  To evaluate this effect, a 3L aluminium shroud was constructed 
to be placed as a collar over each spear, sealing a radius of 150mm ground surface around the spear 
(see Figure 3-8).  This was fabricated from an aluminium bowl, hosetail fittings for gas circuit, roof 
flashing and gas tape to seal the shroud interface with the spear wall.  
 
Figure 3-8: Gas shroud installation and supporting analytical equipment, with schematic indicative 
of configuration on-site for short circuiting tests.  
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A Laco Technologies Gas Check G3 leak detector was used to monitor Helium as a tracer gas. Helium 
gas was added to a concentration of 1.0-5.0 v/v% He in the shroud and the relief valve on the shroud 
was then closed. Helium concentrations in the gas samples from the spears then indicated the amount 
of air that had short-circuited from the surface to the tip of the spear. The dilution effect due to short-
circuiting was calculated by eq. 3-1, with the concentration detected in the spear sample divided by 
the shroud concentration.  
Short circuiting correction = [Spear concentration/Shroud concentration]    (3-1) 
Corrected sample = [Raw concentration*Short circuiting correction]                                 (3-2) 
Based on soil probe guidelines, dilution values less than 5% indicate no to minimal short-circuiting 
(Ma et al. 2012, Department of Toxic Substance Control, 2010). Table 3-1 highlights the short-
circuiting correction factors for the key spear types, with eq. 3-2 indicating how they were applied.   
Table 3-1: Short circuiting correction factors for gas probe types 
Depth [m] Gas Probe Name 
Short circuiting [%] Correction factor 
Lower limit Upper limit Lower limit Upper limit 
0.570 Site 1 Spear 1 (shallow) 1.14 4.07 0.989 0.959 
1.570 Site 5 Spear 4 (deep) 8.57 14.9 0.914 0.851 
 
3.3.3 Sample flush technique for landfill gas sampling, transport and long-term storage 
3.3.3.1 Background and Motivation 
The gas sampling methodology designed at the start of this project utilised LabCo Externier 12mL 
vacuum vials. This was the most prevalent storage approach used by field trials for environmental 
gas monitoring in literature. It was identified from comparison of readings between the EGM-4 CO2 
analyser and samples passed through the GC that there was a discrepancy either caused by a dilution 
effect or sample loss between the 24-hr period of field sampling and gas analysis.  Sturm et al. (2015) 
suggested that a conservative gas or sampling gas flush treatment was required. However, there was 
a shift towards taking larger sample sizes for replicate molecular and isotope analysis for mass 
balance campaigns. From discussions with the Stable Isotope Geochemistry Laboratory there were 
two suitable approaches recommended for environmental isotope sampling including Isotubes ® or 
SKC Flexfoil ® gas bags. To utilise the Isotubes ® an in-line pump was required, there were concerns 
for the gas probes that this approach could influence the natural gas dynamics. Thus, the SKC Flexfoil 
® gas bags were selected as the approach for all gas sampling from January 2015.  
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In May 2015, after purchasing a new batch of the gas bags, samples from the supervision of an 
undergraduate thesis project relating to the isotopic fractionation factor for CH4 oxidation in the soil 
cover were lost after a storage period of three weeks. Additionally, static chamber samples from the 
April 2015 field round for the mass balance were lost. Over the course of May-July 2015 rigorous 
testing of the SKC Flexfoil ® gas bags and septa types was conducted with a standard gas blend (50: 
50 v/v% CH4, CO2) to determine the cause of failure. It was identified that the valve design of the 
bags had been modified between batches in early 2015. Detectable molecular gas loss was observed 
after 1 day with lighter gases (CH4) effected more significantly than heavier gases (CO2).    
To develop a reliable technique for gas sampling storage for both molecular and isotopic analysis, 
three different sizes of serum bottles (20, 30 and 50mL) were investigated. Based on the 
recommendations of Sturm et al. (2015), the sample bottles can be pre-flushed with an inert  gas such 
as N2, or flushed on site by an excess volume of the gas being sampled.  The dilution impact from 
either of these techniques can be determined by utilising standard calibration gases across the 
measurement ranges to develop a dilution calibration curve. With either approach, the same flushing 
strategy must be applied to the calibration and sample gases.  Furthermore, in June 2015, Eby et al. 
(2015) presented a comprehensive review of the available gas storage approaches for stable carbon 
isotope analysis for laboratory and field studies. Eby et al. (2015) concluded that the approaches with 
the most reliability and practicality were serum bottles or Isotubes ®.   
3.3.3.2 Protocol for developed sampling technique 
The set up for the field sample flushing techniques is presented in Figure 3-9. Sample gas is collected 
in a gas tight syringe, and is injected into the bottle with a second syringe tip (needle) providing a 
pathway for gas to be displaced. The required gauge size of the needle depends on the type of septa 
used. For the black butyl rubber septa (13 x 19 x 12 mm Rubber BV) which are relatively thick for 
reliable self-sealing, a gauge size of 30 1/2G was used to minimise hole size and allow for multiple 
injections.  
 
 
 
Figure 3-9: Photograph of the developed gas sample flush technique performed on-site.   
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After the flush gas is injected, the second syringe tip is removed and the sample gas is injected to 
create an overpressure in the serum bottle for long-term storage.  It is also possible to build gas 
manifolds to flush multiple sampling containers with a conservative gas, with samples to be injected 
to create an overpressure as described by Sturm et al. (2015).  An assessment was performed in the 
laboratory for (1) a N2 conservative gas flush and (2) sample gas flush method to identify which 
approach best suited the needs of the research project. To determine the dilution impact from the 
techniques, the sample volume, including that used to flush the bottles, to serum bottle size was 
tracked.  Note that different bottle sizes were used for the spears and static chamber samples as gas 
sampling from the static chamber had to be minimised, as summarised in Table 3-2. 
Table 3-2: Sampling and flushing ratios adopted for samples collected from landfill field study. 
Type 
Bottle Size 
[mL] 
Volume No. Replicates 
Flush [mL] Sample [mL] 
Chamber (molecular) 30 60 20 2 
Chamber (isotope) 50 100 50 2 
Spear 50 100 50 3 
To develop a calibration curve for the dilution impact, known calibration standard gases were used 
as the gas sample. The calibration standard gas range covered 10ppm, 100ppm, and 1, 5, 15, 50, 70 
v/v% CH4, with remaining CO2, O2 and N2 compositions as indicated in Table 3-3. This developed a 
calibration curve for the sample and N2 flush methods, yielding the dilution calibration factors for 
each gas component. The adjusted calibration is readily compared against what the raw standards 
(direct from the gas cylinder) would measure.   
Table 3-3: Calibration gas standards utilised for gas chromatography and serum bottle sets. 
Calibration Standard (level) CH4 [v/v%] CO2[v/v%] O2[v/v%] N2 [v/v%] 
Standard 1 (low) 0.001 0.001 0 99.998 
Standard 2 (low) 0.01 0.01 21.0 79.0 
Standard 3 (both) 1 1 11 88 
Standard 4 5 5 1 89 
Standard 5 15 70 0 0 
Standard 6 50 50 0 0 
Standard 7 70 29 0 0 
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To correct for the actual concentration of the sample, the raw measured area from the GC is adjusted 
by the dilution calibration factor as follows in eq. 3-3:  
Corrected Concentration = [Raw Measured Area/Dilution Calibration Factor]   (3-3) 
Figure 3-10 presents an example case for CH4 determination at a high gas range [1-100v/v%]. The 
dilution correction is derived from the slope. It is evident that the standard area and concentration 
observed is influenced by each GC calibration. Therefore, it is recommended for each new session of 
calibration run that this procedure needs to be completed.  
 
Figure 3-10: Example of CH4 calibration performed for June 2016 campaign for high range biogas 
sampling (50mL bottle size) [standard calibration gas range of 1-100%]. 
3.3.3.3 Analysis of method for isotope fractionation effects 
Before implementation of this new technique for the landfill site sampling, there was a need to 
determine if any isotope fractionation effects were induced during sampling via sample or N2 flushing 
approaches. A variety of standard calibration gases were injected into serum bottles sizes typical to 
field sampling as outlined in Table 3-4. For each set, one bottle was prepared for sampling by a 
conservative N2 flush and sample flush respectively. Each of these results were compared against the 
raw value of the gas directly obtained from the standard gas cylinder.  
From Table 3-4, the N2 flush performance appeared slightly better than the sample flush approach. 
However, both methods are within acceptable error ranges that are expected for stable carbon isotopes 
from measurement influences. It is anticipated that measurement errors from instrumentation to be 
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observed at 2 standard deviations ±0.4‰ and 1 standard deviation at ±0.2‰. It is evident from Table 
3-4 that both approaches do not introduce any preferential isotopic fractionation effects to the raw 
standard gas sample.   
Table 3-4: Analysis of developed field sampling procedure for isotope fractionation effects. 
Sample Type d13C-CH4VPDB [‰] d13C-CO2VPDB [‰] 
Standard Gas (CH4: CO2) 
Std: 1:1%  -37.4 -31.4 
Std: 15:70%  -34.7 -31.4 
Std: 50:50%  -37.4 -31.8 
1% test 
N2 Flush -37.0 -31.4 
Sample Flush -37.7 -31.5 
15% test 
N2 Flush -34.8 -31.3 
Sample Flush -35.1 -31.3 
50% test 
N2 Flush -37.4 -31.9 
Sample Flush -37.4 -31.8 
 
In terms of the practical constraints of a field trial, it was preferred to utilise a method that could be 
performed on-site. The use of a conservative gas treatment is only practical when there are a small 
number of samples. Alternatively, to avoid lengthy preparation work prior to fieldwork, multiple 
bottles can be treated if there is infrastructure available to build a gas manifold system. In the case of 
the project it was decided that the sample flush technique was more robust for the large number of 
samples required for the Swanbank landfill site. 
3.4 Mass balance model development 
The development of the mass balance methodology evolved over the course of the thesis. The first 
phase of the overall project was developed by R.Rafiee (Rafiee, 2016) with a mass balance method  
on four components of O2, CO2, CH4, δ13C-CO2 applied to a series of pilot reactors simulating semi-
aerobic landfill conditions. The initial proposal for this thesis was originally designed as a mass 
balance on six components including: O2, CO2, CH4, δ13C-CO2, δ13C-CH4 and δ2H-CH4 for 
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application to a fresh waste lift at an operational landfill. It was thought that the additional parameters 
would provide redundancy and robustness to the solution method.  
However, from early investigations with the static chambers, it was discovered that δ2H-CH4 could 
not be distinctly measured due to the detection limits of the GC-c-IRMS. A screening test using a 
flushed chamber approach with helium as a conservative gas was attempted, but was found to not 
resolve these issues. This highlighted that it was a physical limitation of the concentrations of gases 
(ppm level) emitting at the surface rather than the experimental approach.   
In addition, it was realised from early monitoring rounds with static chambers that it was not possible 
to determine reportable non-zero fluxes for O2 with reasonable confidence. In some rare instances, 
the flux of O2 could be resolved in static chamber tests with the 90% confidence interval test  (p<0.1) 
described by Barlaz et al. (2004), but the uncertainty for the calculated gas fluxes were greater than 
the flux value derived. Two improvement options were investigated, including (1) flushed static 
chamber with helium and (2) the utilisation of an online PreSens ® O2 probe and data logger bundle 
during monitoring on-site. The flushed approach of the chamber did not improve the frequency of 
reportable gas fluxes for O2. Furthermore, from analysis of the probe data (10 second interval data 
log), there were no clear trends for the O2 behaviour. As a result, the inclusion of O2 as a mass balance 
component was removed from the study.  
The finalised mass balance methodology involved four components (CO2, CH4, δ13C-CO2, δ13C-CH4) 
and was successfully applied to the four isotope monitoring campaigns at the landfill for Site 1 and 5 
as described in Chapter 6. 
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CHAPTER 4: ISOTOPIC PARTITIONING OF AEROBIC ACTIVITIES IN 
INTERIM LANDFILL COVERS   
 
 
This chapter outlines the methodology utilised to analyse the isotopic characteristics of the interim 
soil cover at the Swanbank landfill field site. Although the aerobic activity of CH4 oxidation in 
landfills has been thoroughly characterised in the literature, there have been limited studies conducted 
on cover types that are high in organic carbon which may have significant composting potential. An 
analysis of these aerobic activity types for the competition of the available O2 resource is required.    
This work ties into Research Question 3, where a deeper understanding of the isotopic parameters of 
an interim cover soil is desired.  The characterisation of the fractionation factor for CH4 oxidation 
αOX and composting signature for the cover soil δ13C-CO2, COM(cover) at the field site, feeds into the key 
outcome of this thesis (Research Question 2), the application and refinement of the proposed model 
outlined in Chapter 6. 
For this chapter, an isotope mixing model is also presented to partition the rate of activity of 
composting and CH4 oxidation through batch incubations of the landfill soil cover. This builds on the 
existing Rayleigh closed incubation approach for deriving the fractionation factor for CH4 oxidation 
in landfill covers with the tracing of both δ13C-CH4 and δ13C-CO2 in parallel incubations. These 
results are being developed for future publication in Applied Geochemistry, with the reference 
(Obersky et al., 2018a):  
Obersky, L., Baublys, K.A., Golding, S.D, Clarke, W.P. (2018) Isotope partitioning of 
aerobic activities in interim landfill covers. Submitted manuscript.  
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4.1 Introduction 
Over 2 billion tonnes of waste are sent to landfill each year globally (UNEP, 2009). Landfills are still 
utilised as the dominant method for waste disposal. Recently, in Australia there has been renewed 
interest in improving waste management practices for (1) sourcing materials as resource recovery 
centres (Robinson, 2009, Kim and Kim, 2010); (2) treatment of landfill leachate (Mukherjee et al., 
2015); and (3) reducing landfill greenhouse gas (GHG) emissions by efficient capture or treatment of 
CH4 (Scheutz et al., 2009, Laner et al., 2012). Landfill gas is formed from the anaerobic digestion of 
waste; the degradable fraction of organic materials is degraded to methane (CH4) and carbon dioxide 
(CO2) by a mixed microbial community in the absence of O2. During landfill operation, incoming 
waste is placed in cells, compacted and subsequently covered by a temporary daily cover of soil. 
Interim layers (daily and intermediate cover systems) are between 20 and 50cm deep, designed as a 
trafficable surface for the exclusion of vermin and odours.  
Despite machinery compaction and covering of the waste mass, entrapped air pockets allow for 
aerobic decomposition (composting) of the waste to CO2 by bacteria and fungi. Aerobic activity can 
also be supported by air migration through the landfill cover, as widely observed by the oxidation of 
CH4 by methanotrophic organisms within the soil covers. Despite the universal practice of using soil 
as an interim cover in landfills, limited consideration has been given to ongoing aerobic activity 
within covers and possibly within shallow waste layers, sustained by O2 permeation (Figure 4-1).  
 
Figure 4-1: Biological degradation processes and carbon cycling in shallow landfilled regions. 
Studies of aerobic behaviour in landfills have primarily focussed on CH4 oxidation within soil and 
bio-covers, as passive and engineered treatments can mitigate emissions during operation and post 
closure remediation (Scheutz et al., 2009). The effectiveness of engineered bio-covers, phytocaps, 
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intermediate and final soil covers have been assessed in laboratory CH4 oxidation tests, where the 
cover material is extracted and then incubated at field conditions. Reported laboratory incubations 
studies have utilised either batch assays for a rapid assessment of the cover media (Bender and 
Conrad, 1994, Kightley et al., 1995, Czepiel et al., 1996, Börjesson et al., 2004, Albanna and 
Fernandes, 2009, Röwer et al., 2011), long-term column studies (Humer and Lechner, 1999, Stein 
and Hettiaratchi, 2001, Pawlowksa et al., 2003, Gebert et al., 2011a, Gebert et al., 2011b) or field 
studies where CH4 oxidation efficiency is based on various combinations of the surface fluxes, 
concentration profiles of biogas and stable isotopes, depending on the mass balance method being 
applied to calculate the CH4 oxidation rate (Bogner et al., 1997, Bergamaschi et al., 1998, Börjesson 
et al., 2000b, Christophersen et al., 2000, Barlaz et al., 2004, Abichou et al., 2006a).  
Stable carbon isotopes have proven to be one of the most popular methods to estimate CH4 oxidation 
efficiency in cover soil systems over the last two decades (Bergmaschi and Harris, 1995, Chanton 
and Liptay, 2000, Liptay et al., 1998, Cabral and Capanema, 2012, Cabral et al., 2010, Gebert et al., 
2013, Powelson et al., 2007, Widory et al., 2012). Liptay et al. (1998) proposed that a landfill was an 
open system, as migrating gas reaches a branch point, where CH4 can be oxidised by methanotrophs 
or emitted to the atmosphere via gas transport, this can be expressed as:  
            𝛿𝐸 = 𝛿𝐴 + 𝑓0[𝛼𝑂𝑋 − 𝛼𝑇𝑅𝐴𝑁𝑆] × 1000                          (4-1) 
where 𝛿𝐸 is the isotopic composition of emitted CH4, 𝛿𝐴 is the isotopic composition of CH4 within 
the underlying anaerobic waste layer, f0 is the fraction of CH4 that is oxidised in the soil cover, αOX 
is the fractionation factor for CH4 oxidation and αTRANS is the fractionation factor for diffusive gas 
transport. In general, the impact of mass transport is neglected (αTRANS=1); however, De Visscher et 
al. (2004) highlighted that at low gas fluxes, diffusion transport is comparable to advective transport 
and that αTRANS needs to be included in the isotope balance. 
This method inherently assumes that CH4 oxidation is the only process occurring within the cover 
and that any composting behaviour is minimal. This assumption has been revisited in recent literature 
with contradictory results. Börjesson et al. (2000a) investigated soil covers at two different aged 
landfills and locations (sloped and flat areas) through isotope tracing of both δ13C-CH4 and δ13C-CO2 
in a single incubation. The focus of the discussion by Börjesson et al. (2000a) was towards CH4 
oxidation performance, rather than the competition dynamics of the two processes.   Gebert et al. 
(2011b) assessed the CH4 oxidation and composting ability of a mature landfill final cover in parallel 
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incubations, by supplying CH4 to only one of the incubations. Gebert et al. (2011b) identified that the 
magnitude of composting was minimal (0.2 to 14 μg CO2 gdw -1 h-1), attributable to a low concentration 
of organic carbon in the soil (0.4 to 4 w/w%). 
Scheutz et al. (2011) demonstrated that composting can occur in a cover containing high organic 
carbon levels, in their case a compost bio-cover with 29.3 w/w% volatile solid (VS). For a methane 
flux level of 59 g CH4 m
-2 d-1, they measured a CH4 oxidation rate of 30 μg CO2 gdw -1 h-1 and a 
composting rate of 41 μg CO2 gdw -1 h-1in a parallel incubation. The effectiveness of CH4 oxidation as 
a means of mitigating GHG emissions will be reduced if available O2 in the soil cover is consumed 
by composting.  Röwer et al. (2013) attempted to distinguish competing composting and CH4 
oxidation activity on the same soil sample by using labelled δ13C-CH4 and by also subsequently 
spiking samples with acetylene to inhibit CH4 oxidation and confirm the composting rate.  
In this study, it is hypothesised that an isotope mixing model in conjunction with molecular gas 
monitoring can be used to distinguish CH4 oxidation and composting activity for landfill covers that 
are heterogeneous and variable in nature. This chapter will outline (1) the isotopic characteristics 
derived for the interim landfill cover soil for composting, δ13C-CO2, COM (cover) and CH4 oxidation 
fractionation (αOX) at Site 1 and Site 5 monitoring locations utilised for the mass balance model and 
(2) present an isotope mixing model technique to assess CO2 production, O2 consumption and 
competition between aerobic processes in an interim landfill cover.  
4.2 Materials and Methods 
4.2.1 Collection and characterisation of landfill cover soil 
Soil samples were obtained from each location on a slope at the edge of a landfill located at 
Swanbank, Queensland  (27°39'32.18"S, 152°49'39.77"E) at two locations, Site 1 (S1) and Site 5 (S5) 
(Figure 4-2). A clay auger was used to collect two 20 cm soil cores at each monitoring site (refer to 
Appendix A, Section A.1.1 for further sampling detail). The four collected cores were divided into two 
subsamples with depth ranges (0-10 cm) and (10-20 cm). Soil temperatures through the cover profile 
at the time of sampling ranged from 25.8 to 32.0 °C.  Samples were kept in airtight containers at 4 °C 
until used in incubations, with storage times no longer than 4 days. Total solids (TS) and volatile 
solids (VS) were measured using Standard Method 2540B and 2540D (APHA., 2012).  Particle size 
analysis was performed to Standard Method ISO 13320 with a Malvern Mastersizer (ISO, 2009). 
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Figure 4-2: Plan and elevation view of field site and installed equipment on slope at Swanbank 
(Obersky et al., 2018b).  
4.2.2 Incubation conditions of landfill cover soil 
Incubations were conducted in 245 mL serum bottles with 50.0 g dry weight of cover soil and sealed 
with 20 mm butyl rubber septa and aluminium crimps for each soil core set (refer to Figure 4-3). 
Bottles were flushed with compressed air, then spiked and over-pressurised by CH4 cylinder gas 
(BOC) to have a total headspace concentration of 3 v/v% CH4. Incubations were performed at field 
conditions at 29.6 °C, (Appendix A, Section A.1.2). Headspace gas from the bottles was sampled using 
gas tight syringes (SGE Australia, 10mL). 
A parallel composting control without CH4 addition was performed to resolve the contribution of 
δ13C-CO2, COM (cover) produced from composting for each soil core set. Gas samples were regularly 
taken for molecular gas composition over the duration of the incubation to CH4 depletion over the 
two day period. For isotopic analysis, four sampling times were collected at 0, 30, 60 and 90% of the 
CH4 being oxidised. At these points, samples were withdrawn from both CH4 oxidation and 
composting control assays. The rates of production of CO2, and consumption of CH4 and O2 were 
determined by excluding the lag phases (start-up and approaching O2 limits) and fitting the middle 
linear region with a zero-order kinetic model as (Appendix A, Section A.2). The zero-order rate 
constant was normalised by the dry weight of the soil cover.  
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Figure 4-3: Soil cores split into top and bottom regions and two assays (CH4 oxidation incubation 
and composting control incubation). 
4.2.3 Molecular gas analytical methods 
Headspace temperature was measured by an infrared thermometer (Testo-model 830-T1), and the 
pressure was monitored using an Omega gauge (Omega-model DPG 1001B-15G). All gas samples 
were analysed via gas chromatograph in duplicate for percentage CO2 and CH4 (Shimadzu GC-8A 
FID with 100/120 mesh ShinCarbon 73 ST micropacked column) and O2 and N2 (Shimadzu GC-8A 
TCD with 80/100 mesh Molecular Sieve 5A column). Calibrations for both GCs were performed 
using external gas standards obtained from BOC.  
4.2.4 Stable carbon isotope analytical methods and interpretation 
Stable carbon (13C, 12C) isotopic ratios for gas samples were determined in the Stable Isotope 
Geochemistry Laboratory, University of Queensland using an Isoprime/Agilent Gas Chromatograph-
combustion-isotope ratio mass spectrometer (GC-c-IRMS). The GC (equipped with a 50 m x 320 µm 
x 5 µm CP-PoraBOND Q column) was operated with a flowrate of 1.2 mL min-1 with inlet and oven 
temperatures of 40°C. The split ratio was varied depending on the sample concentration. After the 
sample eluted from the GC it was passed through a ceramic furnace packed with Pt/Ni wire set to 
1020 °C. This oxidised CH4 to CO2 for measurement in IRMS, with any CO2 in the sample passing 
through unaffected. Stable carbon isotope compositions are presented as δ13C values, which are the 
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differences in parts per thousand or per mil (‰) between the isotopic compositions of the sample and 
international reference standard Vienna Pee Dee Belemnite (VPDB) where:  
δ13C = [(13C/12C sample) / (13C/12C standard) – 1] x 1000 ‰             (4-2) 
δ13C values (per mil ‰) were normalised to the VPBD scale using a multi-point normalisation. A 
combination of international standards (Oztech δ13C-CO2 -3.6‰ and -40.8‰) and laboratory 
standards SIGL2 (δ13C-CH4 -40.4‰) and SIGL3 (δ13C-CH4 -35.6‰, δ13C-CO2 -36.2‰) were used 
for the regression with international standard TISO-2 (2v/v% CH4 in air, δ13C-CH4 -38.3‰) being 
analysed as an unknown. Precision is quoted at ± 0.3‰ for δ13C at 1 standard deviation.   
4.2.5 Determination of the fractionation factor for CH4 oxidation of landfill soil cover 
As the CH4 oxidation incubations were conducted in batch mode, the system was considered closed 
and the Rayleigh equation was applied to determine the fractionation factors for CH4 oxidation in 
landfill cover soil at different depths and monitoring locations as follows:   
𝛼𝑜𝑥 =
log(𝛿𝐶𝑏+1000)−log(𝛿𝐶𝑎+1000)
log𝑥
+ 1              (4-3) 
where δCb is the carbon isotope ratio of δ13C-CH4 at time t=0, δCa is the carbon isotope ratio of δ13C-
CH4 at time t, and x is the fraction of CH4 remaining at time t.   
4.2.6 Linear mixing model development 
For the described landfill site, it was known that the cover soil contained biosolids from a wastewater 
treatment plant. As a result, when CH4 oxidation tests were performed it was anticipated that these 
incubations would have both CH4 oxidation and composting activities. Therefore, the headspace gas 
samples collected from the CH4 oxidation bottles were from a mixed CO2 production pool described 
as δ13C-CO2, TOTAL. A δ13C-CO2 linear mixing model was developed to partition the relative 
proportion of the CH4 oxidation (fOX) versus the composting (fCOM) pathways for the generation of 
CO2 in these incubations (see Figure 4-4). It is possible that some of the substrate that was degraded 
by composting could have been biomass. This partitioning framework does not distinguish between 
biomass degradation and composting of the soil organic matter.  
To resolve the rates of CH4 oxidation (rOX) and composting (rCOM) from the total rate (rTOTAL) 
measured for these incubations, as follows:  
r TOTAL = fOX rOX + fCOM rCOM                       (4-4) 
53 
 
With fOX and fCOM determined by the solution of the δ13C-CO2 linear mixing model: 
δ13C-CO2, TOTAL = fOX δ13C-CO2, OX + fCOM δ13C-CO2, COM (cover)                      (4-5) 
where δ13C-CO2, COM (cover) is the CO2 signature for composting activity from the degradation of 
organic carbon in the cover, δ13C-CO2, OX is the CO2 signature for CH4 oxidation activity and δ13C-
CO2, TOTAL is the CO2 signature for the total activity.  
This formulation assumes there only two sources contributing to the δ13C-CO2 pool, this implies that: 
fOX + fCOM = 1                   (4-6) 
 
Figure 4-4: Linear mixing model for δ13C-CO2 to determine the proportions of aerobic activity 
attributable to CH4 oxidation and composting. 
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To determine δ13C-CO2, COM (cover) an isotope sample was collected from the composting control 
incubations. In other studies, δ13C-CO2, COM(cover) has been measured by directly determining the 
organic carbon signature of the soil cover (δ13C-OM) as there are no fractionation effects in the 
process of composting (Corbett et al., 2013, Börjesson et al., 2000a).  However, this was not possible 
due to the nature of the landfill cover, with the distribution of biosolids through the soil was 
heterogeneous at the scale of the sample sizes that could be accommodated for analysis.  
To estimate δ13C- CO2, OX, the Bergmaschi and Harris (1995) formulation was utilised, with the 
described elements obtained from the CH4 oxidation incubations:  
δ13C-CO2, OX = ((δ13C-CH4, i ([CH4] f + [CO2] f)) – (δ13C-CH4, f [CH4] f)) / [CO2] f                            (4-7) 
where δ13C-CH4, i and δ13C-CH4, f are the carbon isotope compositions of CH4 at the start and end of 
the incubation respectively, and [CO2] f and [CH4] f represents the final concentration of carbon 
dioxide and methane in the bottle. 
4.2.7 Microbial analytical methods 
4.2.7.1 DNA Extraction, PCR amplification and sequencing 
Genomic DNA was extracted from soil samples using the MoBio PowerSoil™ Extraction kit (MoBio, 
Carlsbad, CA, USA) per the standard manufacturer’s protocol (Lauber et al., 2009). The 
concentration of extracted DNA was measured using a nanodrop ND1000 spectrophotometer 
(Thermo scientific, USA) and QuantiT dsDNA BR Assay kits with a Qubit fluorometer (Life 
Technologies, VIC Australia).  The 16S rRNA gene encompassing the V6 to V8 regions was targeted 
using the 926F(5’-AAACTYAAAKGAATTGRCGG-3’) and 1392R(5’ACGGGCGGTGWGTRC-3’) 
primers (Kunin et al., 2010) modified to contain Illumina specific adapter sequence 
(803F:5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTAGAKACCCBNGTGTC3’ and 
1392wR:5’GTCTCGTGGGCTCGGGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGACGGGCGG
TGWGTRC3’). 16s rRNA Amplicon Sequencing was performed by the Australian Centre for 
Ecogenomics using the Illumina MiSeq platform (Illumina, USA) per manufacturer’s protocol.  
4.2.7.2 Phylogenetic data analysis 
Adaptor sequences were removed and reads were hard trimmed to 250bp using Trimmomatic (Bolger 
et al., 2014), discarding reads below 190bp. Sequence cluster representatives were selected using the 
QIIME v.1.8.0 pick_open_reference_otus.py script (Caporaso et al., 2010) with the Greengenes 
database (v13_8) to assign taxonomy. Sequences were clustered at 97 % identity and operational 
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taxonomic units (OTUs) that accounted for less than 0.01 % of total reads were discarded. The 
resulting OTU table was rarefied to the minimum sample number obtained for the whole dataset (size 
= 42924, random seed = 712) using the package Phyloseq (McMurdie and Holmes, 2013).  Taxa with 
low abundance were further filtered by removing OTUs that were not seen more than 3 times in at 
least 20% of samples. This protects against including OTUs with a small mean combined with a high 
coefficient of variance. The OTUs were standardised to the median sequencing depth. 
4.3 Results and Discussion 
4.3.1 Methane oxidation dynamics in landfill cover soil 
The rates of CH4 and O2 uptake and CO2 production were observed to be constant, after an initial lag 
phase, see Figure 4-5 for Site 5.  The typical trend in these rates for all cores are included in Appendix 
A, Section A.3. The rate of CH4 oxidation, rOX, taken as the rate of CH4 uptake, is listed in Table 4-1.  
The rate of O2 uptake is also shown in Table 4-1. The rate of CO2 production is always less on a molar 
basis than the corresponding O2 uptake rate because carbon is fixed as biomass during CH4 oxidation. 
There was a wide range of rates of CH4 oxidation (rOX), even between replicate cores.  For example, 
rOX was 2.0 and 8.7 µg CH4 gdw -1 h-1 for the two cores collected from the surface of Site 1 (1A_TOP 
and 1B_TOP).   Variations of this magnitude are typically reported for landfill covers, where rates 
vary significantly, but are within the same order of magnitude (Scheutz et al., 2009).   
In general, it appears that incubations sourced from the bottom half of soil cores (10-20 cm) had faster 
rates of activity than the top region (0-10 cm). The exception to this trend is the core set ‘1B’, where 
the highest value of rOX, 8.7 µg CH4 gdw -1 h-1, is observed at the surface.  A possible reason for this 
observation is due the sample texture of the bottom half of the soil core in this set. When 1B_BOT is 
compared to the other bottom of the soil cover samples it appears more aggregated, potentially due 
to retaining more moisture, with the pores of the soil likely to be saturated, which could have hindered 
the mass transport of O2 during the incubation (Appendix A, Section A.1.4). 
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Figure 4-5: Site 5 CH4 oxidation assay results for (A) CH4 consumption; (B) O2 uptake; (C) δ13C-CH4 evolution; and (D) CO2 production. 
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Table 4-1: Rates derived for soil cores for CH4 oxidation assay at T=29.6°C.  
Bottle 
ID 
Core Type rOX 
[µg CH4 gdw -1 h-1] 
Total CO2 production rate  
[µg CO2 gdw -1 h-1] 
Total O2 uptake rate  
[µg O2 gdw -1 h-1] 
1a 1A_TOP 2.0 ± 1.1 4.5 ± 3.0 8.2 ± 5.6 
3a 1B_TOP 8.7 ± 7.9 8.1 ± 3.6 n.r. c 
2a 1A_BOT 3.6 ± 3.5 9.3 ± 6.8 16.9 ± 17.6 
4a 1B_BOT 2.2 ± 1.1  8.1 ± 3.2 11.7 ± 2.0 
5a 5B_TOP 3.3 ± 0.9 7.0 ± 5.5 19.8 ± 18.1 
7a 5C_TOP 2.7 ± 0.5 3.8 ± 1.7 9.1 ± 8.8 
6a 5B_BOT 6.5 ± 3.9 27.4 ± 45.4 40.4 ± 26.3 
8a 5C_BOT 3.7 ± 3.2 4.4 ± 3.2 11.8 ± 3.5 
a The uncertainty in the derived rate values is reflecting the 95% confidence interval of the zero-order model fit. b n.r. 
indicates zero order rate constants that were not reportable.    
Methanotrophic activity responds to variation in temperature, seasonal cycles and moisture levels as 
these effects influence gas transport and microbial growth (Scheutz et al., 2009). Chanton et al. (2007) 
suggested that in field studies, the maximum CH4 oxidation rate is typically observed within the soil 
cover, rather than at the surface where there is optimal O2 exposure. The most active zone for CH4 
oxidation is typically within 10-17 cm of the surface of soil covers, where conditions are sheltered 
from rapid weather fluctuations (Scheutz et al., 2009).  This is consistent with rOX being higher on 
average at the bottom of the soil cores.  
There have been limited attempts to account for composting/soil respiration activity in incubations to 
measure rOX in landfill cover soils with (1) high organic carbon reflected by VS levels by  Scheutz et 
al. (2011) and (2) different waste deposition age of cells and landfill configurations by Börjesson et 
al. (2000a).  The CH4 oxidation performance was more rapid in the soils examined by Scheutz et al. 
(2011), with rOX ranging from 14.7 to 168.2 µg CH4 gdw -1 h-1. This was expected because the cover 
type assessed by Scheutz et al. (2011) was a compost biocover collected from areas exposed to high 
CH4 gas fluxes ranging from 5 to 1018 g CH4 m
-2 d-1.  The CH4 gas fluxes for the study areas in this 
investigation, Site 1 and 5 are an order of magnitude lower at 11 to 100 g CH4 m
-2 d-1 (refer to Chapter 
6).  It is a known effect that CH4 exposure levels will influence the rates of activity observed; authors 
have also reported that the use of multiple spiking injections of CH4 or pre-flushing the headspace 
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with CH4  will assist the performance of the methanotrophic organisms in batch incubations (Scheutz 
et al., 2011, Xie et al., 2016).  In addition, the initial CH4 concentration of 3.0 v/v% used was 
significantly lower than the 15 v/v% CH4 concentration used by Scheutz et al. (2011). 
Börjesson et al. (2000a) investigated the CH4 oxidation performance of soil covers on flat and sloped 
areas at recently covered (3 and 9 months after placement) and established (17 years after placement) 
landfill cells in Sweden. It was observed that the average summer CH4 oxidation rates were higher in 
the mature landfill soil than the young landfill soil cover at 12.2 µg CH4 gdw -1 h-1 and 5.8 µg CH4 gdw 
-1 h-1 respectively. The oxidation rates obtained in this study are comparable to the younger landfill 
cell, as the landfill cover sampled had been in place for 18 months and collected in the middle of 
summer. Interestingly, the CH4 gas fluxes observed by Börjesson et al. (2000a) were a similar order 
of magnitude, at 186 and 288 g CH4 m
-2 d-1 for at the sloped area at the young landfill cell.  
4.3.2 αOX for landfill cover soil 
For the incubations, a progressive stable isotope enrichment was correlated with decreasing CH4 
concentrations in the closed isotopic system (refer to Appendix A, Section A.3 for supporting figures). 
The αOX value derived for the landfill cover soil ranged from 1.015 to 1.028 as summarised in Table 
4-2. The isotopic enrichment factor, εc was utilised to make comparisons between studies for CH4 
oxidation performance, defined as εc = (αOX-1) x 1000‰.    
The εc of core 5B_BOT at -27.6‰ is comparable to εc of pure aerobic and anaerobic methanotrophic 
cultures reported by Feisthauer et al. (2011) Methylococcus capsulatus at -27.9‰ (T=45°C),  
Methylomonas methanica at -27.7‰ (T=30°C) and Rasigraf et al. (2012) Methlomirabilis oxfera at -
29.2‰ (T=30°C).  In addition, the incubation which exhibited slower rates of CH4 oxidation like core 
1B_BOT at -14.7‰ and core 5C_TOP at -19.7‰ are similar to the εc of other landfill soils ranging 
from -7.9 to -21.5‰ for German (Bergamaschi et al., 1998) and United States climatic zones 
(Chanton et al., 2010, Chanton and Liptay, 2000). For the young landfill soil cover described by  
Börjesson et al. (2000a), εc of -23.4‰ was observed. Whilst, for a compost and sand biofilter (6-8% 
CH4)  Powelson et al. (2007) observed a εc of -17.7‰ (T=22°C).  These derived factors are utilised 
for the mass balance model as discussed in Chapter 6.  
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Table 4-2: αOX, εC derived for soil cores for CH4 oxidation assay at T=29.6°C 
Bottle ID Core Type αOX  εC [‰] 
1a 1A_TOP 1.022 -22.4 
3a 1B_TOP 1.026 -26.4 
2a 1A_BOT 1.026 -26.1 
4a 1B_BOT 1.015 -14.7 
5a 5B_TOP 1.022 -22.3 
7a 5C_TOP 1.020 -19.7 
6a 5B_BOT 1.028 -27.6 
8a 5C_BOT 1.024 -23.5 
 
4.3.3 Composting dynamics in landfill cover soil 
For the composting control incubations, the total CO2 production from Site 1 and 5 ranged from 2.5 
to 27.0 μgCO2 gdw -1 h-1 (see Table 4-3). These composting rates are comparable to the range observed 
by Scheutz et al. (2011) for compost for a biowindow cover of 8.0 to 31.5μgCO2 gdw -1 h-1. In contrast, 
the O2 consumption rates were difficult to resolve for all composting incubations. There were three 
O2 consumption rate values obtained after the reportable slope hypothesis test was applied (see 
Appendix A, Section A.2 for procedure).  Two of these O2 consumption rates were consistent at 15.5 
to 15.8 μgO2 gdw -1 h-1, with one core (1B_TOP) at 53.0 μgO2 gdw -1 h-1. In Scheutz et al. (2011), the 
O2 consumption rates ranged from 6.2 to 29.4 μgO2 gdw -1 h-1. The compost cover examined in Scheutz 
et al. (2011) had been in place for 4 years and had a higher moisture and volatile solids content than 
the soil examined in this study.  In comparison, the soil examined in this study was collected 1.5 years 
after placement, with degradable carbon in the form of biosolids which is typically more available 
than mature compost.  Despite these differences in cover properties, the composting rate observed in 
both these studies was similar.  It may have been the case that the biosolids degraded to more stable 
material, comparable to the compost, within the 1.5 year time frame.   
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Table 4-3: Rates derived for soil cores for composting control at T=29.6°C 
Bottle ID Core Type CO2 production 
[µg CO2/ gdw -1 h-1]  
O2 uptake  
[µg O2/ gdw -1 h-1] 
1b 1A_TOP 4.4 ± 3.4 n.r. b 
3b 1B_TOP 4.7 ± 3.4 53.0 ± 32.2 
2b 1A_BOT 2.5 ± 1.7 15.5 ±14.1 
5b 1B_BOT 7.7 ± 3.8 n.r. b 
4b 5B_TOP 9.9 ± 5.4 15.8 ± 5.1 
7b 5C_TOP 3.5 ± 1.4 n.r b 
6b 5B_BOT 27.0 ± 46.1 n.r b 
8b 5C_BOT 3.1 ± 0.4 n.r. b 
a The uncertainty in the derived rate values is reflecting the 95% confidence interval of the zero-order model fit. b n.r. 
indicates zero order rate constants that were not reportable.   
The rate of composting varied with depth as well as the location of the sample. It is possible that these 
results are due to the heterogeneous nature of the cover soil, with different compositions of bio-solids 
and particle size distribution due to sediment run off and scouring from weathering conditions on the 
sloped face of the landfill cell (see Appendix A, Section A.1). It is suggested that rapid consumption 
at 53.0 μg O2 gdw -1 h-1 in 1B_TOP may be reflective of an additional microbial mechanism, such as 
nitrification may be diverting O2 potential. It is recommended that further investigation is conducted 
on nitrogen cycling components for landfill soil covers to account for effects during batch 
incubations.  
4.3.4 δ13C-CO2, COM (cover) for landfill cover soil 
In terms of isotope dynamics, it was anticipated that the δ13C-CO2 of produced CO2 would be 
relatively stable and comparable between cores as composting does not exhibit any fractionation 
effects (O'Leary, 1981, Corbett et al., 2013). It was noted that each soil core exhibits unique 
behaviour, with up to a 20‰ difference between cores at the same site, e.g. site 5 core 5B vs. core 
5C. Overall, the trend for each soil core is similar, with δ13C-CO2 decreasing by up to 5.0‰ over the 
duration of the assay (see Appendix A, Section A.4). The median δ13C-CO2, COM (cover) from the control 
incubations on each landfill soil cover sample are shown in Table 4-4.  
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Table 4-4: Median δ13C-CO2, COM (cover) [‰] for landfill cover soil from Sites 1 and 5 
Bottle ID Core Type δ13C-CO2, COM(cover) [‰] 
1b 1A_TOP - 24.7± 0.3 
3b 1B_TOP - 23.8± 0.3 
2b 1A_BOT - 28.2± 0.3 
4b 1B_BOT - 24.3± 0.3 
5b 5B_TOP - 36.6± 0.3 
7b 5C_TOP - 25.5± 0.3 
6b 5B_BOT - 25.8± 0.3 
8b 5C_BOT - 16.8± 0.3 
Two explanations are offered for the variations in the δ13C-CO2 produced in the control incubations: 
(1) the soil organic carbon origin is unique to each sampling location and sampling depth; (2) some 
residual waste may have been collected at the base of soil cores. The isotopic signature of the soil 
organic carbon origin depends on the vegetation types contributing to the soil organic carbon pool 
(Staddon, 2004). Each plant type exhibits a range of carbon isotope composition. e.g., C3 plants range 
from -24 to -32‰, whilst C4 plants range from -10 to -16‰ (O'Leary, 1981). C3 and C4 plants will 
also degrade at different rates (Wynn and Bird, 2007).  The variability in the produced δ13C-CO2 
values for the composting incubations could reflect in part fluctuations in this composition.  
It is also possible that the bottom portion of the sampled soil cores contained residual waste. Over the 
lifetime of the slope, the soil cover (30-50 cm) had been deteriorating due to severe rainfall events 
and localised run-off of sediment and visible scouring on the surface of the cover. The true level of 
the interim cover was unknown, with no updated surveying conducted during the monitoring period. 
As a result, it is plausible that the 20 cm cores obtained could contain some minor fragments of waste 
material, which would introduce an additional organic carbon source, and given the heterogeneous 
nature of waste, increase the variation of δ13C-CO2 observed between locations.     
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4.3.5 Partitioning of aerobic activity in cover material  
In order to calculate the proportion of aerobic activity, the value of CO2 signature from CH4 oxidation 
(δ13C- CO2, OX) needed to be first calculated using Eq. 4-7. The calculated values of δ13C- CO2, OX for 
each soil sample are listed in Table 4-5. It is evident that the δ13C- CO2, OX appears to be similar for 
each core depth with a difference of some 4‰.  The predicted values of δ13C-CO2,OX show that the 
CO2 produced from CH4 oxidation in these incubations was lighter than the heavy δ13C-CO2 in 
landfill, when compared against values observed by Coleman et al. (1993) of -7 to -25‰. Hackley et 
al. (1996) hypothesised for early phase landfill degradation activity when the highest rates of 
composting are most likely to occur, that the CO2 isotopic signature would reflect the δ13C-CO2 value 
of vegetation matter, which ranges from -10 to -35‰. Given that the incubations were conducted in 
batch mode, it is conceivable that the tendency of the bacteria to discriminate for 12CH4, resulting in 
more isotopically CO2 light formation gas is more emphasised than in the landfill as there is no 
replenishment and mixing with production gas from the degradation of waste.    
Using the calculated δ13C- CO2, OX values, the net CO2 signature measured in the mixed incubation 
bottles (δ13C-CO2, TOTAL, Table 4-5) and the CO2 signature from the control incubations (δ13C-CO2, 
COM (cover) Table 4-3), the proportion of aerobic activity attributable to CH4 oxidation and composting, 
fox and fcom, could be calculated by the simultaneous solution of eq. 4-5 and eq. 4-6 (Table 4-5).  
Table 4-5: Resolving the proportion and rates of CH4 oxidation & composting at T=29.6°C 
Bottle 
ID 
Core  
Type 
δ13C-CO2, 
TOTAL  
[‰] 
δ13C-CO2, OX  
[‰] 
fOX fCOM rTOTAL rOX rCOM 
[µg CO2 gdw 
-1 h-1] 
1a 1A_TOP -30.1 ± 0.3 -40.3 ± 0.2 0.35 0.65 4.5 ± 3.0 1.5 ± 0.7 2.9 ± 0.7 
3a 1B_TOP -36.8 ± 0.3 -44.3 ± 0.2 0.63 0.37 8.1 ± 3.6 5.2 ± 0.5 2.9 ± 0.5 
2a 1A_BOT -36.5 ± 0.3 -44.4 ± 0.2 0.51 0.49 9.3 ± 6.8 4.6 ± 0.7 4.7 ± 0.7 
4a 1B_BOT -28.4 ± 0.3 -37.9 ± 0.1 0.30 0.70 8.1 ± 3.2 2.3 ± 0.4 5.8 ± 0.4 
5a 5B_TOP -38.6 ± 0.3 -42.1 ± 0.2 0.36 0.64 7.0 ± 5.5 2.4 ± 0.8 4.6 ± 0.8 
7a 5C_TOP -31.9 ± 0.3 -41.1 ± 0.2 0.41 0.59 3.8 ± 1.7 1.6 ± 0.5 2.2 ± 0.5 
6a 5B_BOT -34.5 ± 0.3 -41.6 ± 0.2 0.55 0.45 27.4 ± 45.4 15.0 ± 1.7 12.4 ± 1.7 
8a 5C_BOT -29.7 ± 0.3 -41.8 ± 0.2 0.51 0.49 4.4 ± 3.2 2.2 ± 0.7 2.2 ± 0.7 
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It is evident, that fox and fcom are different in each region of the soil cores. In general, for the top region 
(0-10 cm) of soil cores sampled, composting behaviour appeared to dominate, accounting for 60- 
70% of the aerobic activity. In contrast, for the bottom layer of the cover, there are close to even 
proportions of each activity type, with CH4 oxidation rates comparable to the magnitude of 
composting. Despite the different locations, there are similar proportions of activity types, even when 
the rates of aerobic activity are different orders of magnitude between samples. In terms of carbon 
utilisation expressed as the ratio of CH4 converted to CO2 rather than biomass, for the soil cores 
ranged from 0.22 – 0.46 for most incubations, which is consistent with values reported by other 
authors (Börjesson et al., 2000a). For 5B_BOT, the carbon utilisation is high at 0.84, which would 
imply that the bulk of the consumed CH4 would be converted to CO2 rather than biomass. It is evident 
that this parameter is difficult to characterise and will largely depend on the particular soil mixture 
and methanotrophic community.  
Based on gas mass transport considerations alone, the location of maximum O2 would be anticipated 
to be at the soil surface. However, the growth of methanotrophic organisms is known to be more 
suited to depths of 10 to 20 cm within the soil cover (Hanson and Hanson, 1996, Chanton et al., 2007). 
This is due to the relative stability of environmental conditions with less fluctuations in moisture 
content, temperature and soil microstructure (Huber-Humer et al., 2009, Chanton et al., 2010). It is 
anticipated that Type II methanotrophs will dominant in these deeper soil zones due to reduced O2 
levels and an ongoing supply of CH4 from the waste layers (40-60 v/v% CH4). Type I methanotrophs 
are expected to dominate in upper soil layers with low CH4 levels close to atmospheric levels (1.7 
ppm) and readily available atmospheric O2 (Scheutz et al., 2009).     
4.3.6 Microbial community present in landfill cover soil 
The fractional relative abundance of microorganisms in all soils samples at the beginning and end of 
the CH4 incubations is shown in Figure 4-6. The phyla for the landfill cover soil included 
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Proteobacteria and 
Verrucomicrobia, which are typical in soil bacterial communities (Janssen, 2006, Youssef and 
Elshahed, 2009, Kuramae et al., 2012).  Proteobacteria and Actinobacteria dominated the phylum 
composition with the highest relative fractional abundance proportions, from 0.30 to 0.55 and 0.11 to 
0.45 respectively. In addition, the presence of actinomycetes (Actinobacteria), fungi and worms 
(Opisthokonta) provides microbial evidence of composting occurring within the cover soil  (Neher et 
al., 2013, Senior, 1990). Of the Proteobacteria identified there was a mixture of functional groups of 
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facultative soil bacteria (f__Caulobacteraceae), plant pathogens (o__Xanthomonadales), nitrogen-
fixing bacteria (f__Rhizobiaceae), methyltrophs (o__Methylophilales) and methanotrophs 
(f_Crenotrichacae, f_Methylocccaceae, f_Methylocystaceae). 
For this study, the Methylocaldum genus was highlighted as the dominant methanotroph across all 
samples with relative fractional abundance (across methanotroph population present) ranging from 
0.45 to 0.80 (Appendix A, Section A.5 for methanotroph distribution plot). Observing such a high 
relative abundance for a given Genus is plausible for landfill soil covers, which agrees with past 
studies. Methylocaldum are well known as thermophilic and thermotolerant organisms across a 
variety of marine and terrestrial ecosystems (Takeuchi et al., 2014, Wong et al., 2015).  They are 
considered as a Type X methanotroph, derived from the Methylococcaceae family and also contain 
Type I methanotrophs (Bowman, 2006). (Chi et al., 2015) also identified Methylocaldum within a 
landfill cover soil in China from an operational semi-aerobic landfill.  Possible reasons for the strong 
presence of Methylocaldum include (1) the sub-tropical climate experienced at the landfill site is 
characterised by high temperatures at the soil surface due to solar radiation; (2) the thin nature of the 
soil cover and therefore the relatively high penetration of O2 through the soil profile; (3) high 
temperature conditions are favourable for Type X methanotrophs; and (4) a low concentration of CH4 
due to the biogas arising from relatively fresh waste  (1.5 years old).  
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Figure 4-6: Phylum composition of landfill cover soil with relative fractional abundance expressed 
for Phyla > 2% at the start and end of incubation experiment.  
(A) 
(B) 
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4.3.7 Microbial proportion of methanotrophs to composters predicted 
To determine the relative proportion of methanotrophs and composters in each of the soil samples, 
the OTUs were filtered to only consider organisms which contribute to each process. For the 
methanotrophs it was straightforward to constrain to a genus level the organisms that perform CH4 
oxidation. In comparison, a diverse range of bacteria and fungi are involved in composting.  The 
criteria used to select the composting were organism that were either heterotrophic aerobic bacteria 
(p_Acidobactera), decomposers (o_Actinomycetes) or fungi/worms (Opisthokonta).  
The results based on these filtering conditions to gauge the relative abundance of methanotrophs and 
composters as a fraction of all aerobic organisms is shown in Figure 4-7. Actinomycetales appears to 
form a large proportion of the bottom half of cores 1B, 5B and 5C with a relative fractional abundance 
ranging from 0.21 to 0.84, suggesting a strong presence of composting organisms. Whilst, for the top 
half of these soil cores, the proportion of the methanotrophs present is larger than composters, with 
the genus Methyloccoccales is exhibiting a relative fractional abundance (to aerobic organisms 
delineated) of 0.6 to 0.75.  For 1A, the composters and methanotrophs appears close to equal 
proportions in both the top and bottom half of the soil core. These observations must be considered 
in the context that the 16S probing technique which identifies active, dormant and dead organisms 
(Jones and Lennon, 2010, Cangelosi and Meschke, 2014, Steven et al., 2017).  A comparison of the 
relative significance of CH4 oxidation and composting activity based on isotopic signatures and the 
relative abundance of the OTUs should be considered with caution. The OTUs detected provide 
information on the organisms that are present, but does not give a clear indication of the rate of 
microbial activity.  
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Figure 4-7: Relative abundance of methanotrophs and composters (in general, methanotrophs 
identified as green, aerobic composters indicated as blue), presented at Order level including only 
those with a relative fractional abundance > 2% 
(A) 
(B) 
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4.4 Conclusions 
The fractionation factors for CH4 oxidation (αOX) for an interim landfill cover soil were derived across 
two depth ranges (0-10 cm) and (10-20 cm). It was revealed that for a wide range of CH4 oxidation 
activities from the soil cores collected, 2.0 to 8.7 µg CH4 gdw -1 h-1, that αOX varied from 1.015 to 
1.028. For the first time, the respective rates of methane oxidation and composting in the same vessel 
were derived for a complex landfill cover using measurements of δ13C-CO2 produced rather than δ13C-
COM of the cover material.  Because the rate of both degradation processes are determined in the same 
vessel, the method accounts for competition for the available supply of O2, as would occur in a landfill 
soil cover. This method could be applied to other landfill covers that are mixed and heterogeneous 
like bio-covers containing soil, biosolids, mulches, wood-chips and compost. 
The application of the proposed δ13C-CO2 isotope mixing model has partitioned aerobic behaviour of 
composting and CH4 oxidation for an interim landfill soil cover. It has been revealed that the 
proportion of composting activity to CH4 oxidation is different in each region of the cover. For the 
cover material analysed in this study, composting was found to account for at least 37% of the aerobic 
activity in the cover in terms of CO2 production (1B_TOP), with the largest proportion observed at 
70% composting activity (1B_BOT). This highlights that aerobic microbial activity in soil covers need 
to be considered and not excluded from mass balances and affiliated bio-cover design interpretations. 
Interestingly, the Methylocaldum genus was the dominant methanotroph observed across all samples 
with relative fractional abundance (related to methanotrophic phyla) ranging from 0.45 to 0.80. 
Typically, Type II methanotrophs are expected to be the prevalent organism type in landfill 
environments (Scheutz et al., 2009). . This highlights that further research is required to assess the 
efficacy of methanotroph population types in different landfill soil and biofilter materials including 
the impact of the maturity of the landfill cell.  
This δ13C-CO2 isotope mixing model technique can be further applied to other environmental systems 
where composting and CH4 oxidation occur in parallel. The rates of activity of these processes can 
be determined through batch incubations in a fashion that could account for competitive interactions. 
As a result, this experimental and mixing model approach could be adapted to alternative ecosystems 
to distinguish other competing processes using relevant isotopologues.     
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CHAPTER 5: CHARACTERISING THE AGE OF LANDFILL WASTE 
AND EXTENT OF DEGRADATION USING THE EVOLUTION OF STABLE 
CARBON AND HYDROGEN ISOTOPES DURING EARLY PHASE 
METHANOGENESIS 
 
This chapter presents the experimental results from the early phase anaerobic digestion of municipal 
solid waste sourced from the same primary region of the field site at Swanbank. There has been 
limited work presented on the isotopic behaviour of fresh shallow waste in landfill for both carbon 
and hydrogen isotopes, as identified in Research Question 3.  
Chapter 5 focuses on the evolution of the carbon and hydrogen isotope systems, aiming to describe 
the early phase digestion of municipal solid waste and identify the effect of H2 concentrations to the 
stable isotope dynamics. The assessment of both the headspace gases (δ13C-CH4, δ13C-CO2, δ2H-CH4, 
and δ2H-H2) and leachate formation waters (δ2H-H2O, δ18O-H2O) allows for further commentary on 
the dominant pathway of anaerobic digestion over the 14-week period of the study. 
Within this chapter, a comparative assessment of isotope tracking of waste in-situ from the field trial 
and in a laboratory experiment over an extended period will establish a link between the maturity of 
degradation and isotopic behaviour of waste. These results are being developed for future publication. 
The apparent fractionation factor for carbon (αAD, C) for anaerobic digestion derived for the waste 
sourced from the landfill is utilised in the refinement of the model in Chapter 6.  
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5.1 Introduction 
Stable isotope probing has provided a powerful tool to assess landfill performance for the past 20 
years, characterising biogas formation processes involved in the decomposition of waste (Coleman 
et al., 1993, Bergmaschi and Harris, 1995, Bogner et al., 1996). Landfill gas is generated from the 
biological degradation of organic materials by a mixed microbial community with several key 
functional groups (Mata-Alvarez et al., 2000). Past landfill stable isotope studies have focused on (1) 
deriving the efficiency of CH4 oxidation in soil and bio-covers (Liptay et al., 1998, Chanton et al., 
2008, Chanton et al., 2011, Pratt et al., 2013) and (2) identifying the anaerobic digestion behaviour 
occurring within the waste (Hackley et al., 1996, Widory et al., 2012, Raco et al., 2014).  
There are four stages involved in anaerobic digestion consisting of hydrolysis, acidogenesis, 
acetogenesis and methanogenesis. Hydrolysis reduces complex organics like proteins, lipids, and 
carbohydrates to simple molecules such as amino acids, long-chain fatty acids and sugars. 
Fermentative bacteria convert these components into volatile fatty acids (VFAs) and co-metabolites 
H2 and CO2. VFAs are subsequently utilised by acetogenic bacteria to produce acetate, CO2 and H2. 
CH4 generation can occur via acetoclastic (acetate fermentation, eq. 5-1) or hydrogenotrophic (CO2 
reduction, eq. 5-2) mechanisms with the contribution of each pathway controlled by local conditions.  
CH3COO
- + H+ →   CO2 + CH4                                                 (5-1) 
CO2 + 4H2 → 2H2O + CH4                                                                       (5-2) 
Methanogenesis produces gas that is characterised by a depletion of 13C-CH4 and an enrichment of 
13C-CO2 (Whiticar et al., 1986, Chanton et al., 2005). This effect occurs as biological processes 
generally have a preference for the lighter isotope of C (12C), due to the thermodynamic advantage of 
lower bond energies (Kendall and McDonnell, 2012). Biogenic CH4 values for stable carbon isotopes 
are anticipated at δ13C-CH4 from -110‰ to ‒50‰  and hydrogen isotopes at δ2H-CH4 ‒400‰ to ‒
150‰  (Conrad, 2005, Golding et al., 2013). This has been split further for each pathway, with CH4 
exhibiting δ13C-CH4 between –110‰ and ‒ 60‰ and ‒60‰ and ‒45‰ from the hydrogenotrophic 
and acetoclastic mechanisms respectively (Whiticar, 1999). This highlights that CH4 from 
hydrogenotrophic methangeoensis is typically 13C-depleted relative to CH4 produced from 
acetoclastic methanogenesis (Whiticar, 1999, Chanton et al., 2005). For identifying the dominant 
methanogenesis pathways in environmental systems, the apparent fractionation factors defined by 
Whiticar et al. (1986) and Whiticar (1999) are utilised:    
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𝛼𝐶 =
𝛿13𝐶−𝐶𝑂2+1000
𝛿13𝐶−𝐶𝐻4+1000
                                   (5-3) 
𝛼𝐻 =
𝛿2𝐻−𝐻2𝑂+1000
𝛿2𝐻−𝐶𝐻4+1000
                                   (5-4) 
With αC < 1.055 indicating a dominant acetate fermentation (acetoclastic) pathway, 1.055 < αC < 
1.065 highlighting a mixed system and αC > 1.065 a CO2 reduction (hydrogenotrophic) dominated 
pathway.  
For αH, there are no defined regions for the hydrogen system, instead these values are compared 
against existing studies and are supplemented by microbial profiling (Valentine et al., 2004b, 
Sugimoto and Fujita, 2006). One of the underpinning assumptions of the Whiticar et al. (1986) and 
Whiticar (1999) approach, is the field sampling of biogas from a region of the landfill that is 
considered representative of anaerobic digestion for its isotopic signature.  
In reality, it is difficult to isolate leachate and gas samples for specific locations at landfill sites due 
to operational practices. Leachate is re-distributed across landfill stages to assist with degradation, 
causing formation waters to be a complex mixture.  In addition, spatial variation across a landfill is 
high due to the heterogeneous nature of the incoming waste stream. As waste is placed in subsequent 
layers, biogas will migrate from mature and fresh waste layers and in some cases, be drawn into gas 
extraction wells leading to influences on gas transport and composition. These operational and 
physical limitations complicate the derivation of the fractionation factors for a specific waste layer.  
There is a need to improve the quantification of fractionation factors, as it has been demonstrated that 
small changes can alter the results produced by mass balance (Cabral and Capanema, 2012).   
Previous studies have focused on more established phases of waste degradation, with mature cells (7-
12 years post waste placement) (Bogner et al., 1996, Chanton et al., 2005, Raco et al., 2014). 
Moreover, there has been limited investigation into the evolution of the isotopic fractionation factors 
with the extent of degradation of waste. Hackley et al. (1996) inferred the behaviour of the early phase 
landfilled waste from samples obtained from gas infrastructure lines near regions with young (<1 year 
and 1-2 years post placement) cells.  
To the author’s knowledge, there has been limited characterisation of waste placed prior to this period 
(<1 year). This study presents a comparative assessment of isotope tracking of freshly deposited waste 
in-situ at an operational landfill and in a laboratory monitored reactor. This investigation aimed to 
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establish a link between the maturity of waste degradation and the isotopic behaviour of waste. The 
objective of this study was to utilise the apparent fractionation factors for carbon (αAD, C) and 
hydrogen (αAD, H) for anaerobic digestion as an indicator to describe the extent of anaerobic digestion 
and determine what pathway of methanogenesis was dominating the system during the early phase 
degradation of waste.  
5.2 Materials and Methods 
5.2.1 Experimental Overview 
This study involved two separate experimental components, as indicated in Table 5-1, with a field 
based trial at an operational landfill facility and the operation of a batch digestion of waste in a packed 
bed reactor. The field site was located on a sloped edge (3:1 vertical to horizontal) of a municipal 
solid waste (MSW) landfill in Ipswich, Queensland, Australia, as described in Chapter 3.  A fresh 
waste lift was placed over this area in August-September 2014 and was progressively covered with 
30-50 cm of silty clay loam (interim cover) as the waste was placed. The lift was placed above pre-
existing landfill lifts deposited from 2008 to 2009.  
Table 5-1: Experimental overview of field and laboratory trials and stable isotopes utilised. 
Investigation Duration Isotope Parameters Substrate Configuration 
Field Trial 
(landfill) 
18 
months 
Surface gases: δ13C for 
CH4, CO2 
In-situ gases:  δ13C for 
CH4, CO2 , δ2H – CH4 
MSW  
(September/ 
August’14) 
Fresh waste lift above 
existing mature layers 
Reactor 
(laboratory) 
4 months Gases: δ13C for CH4, CO2, 
δ2H for CH4, H2 
Leachate: δ2O for H2O, 
δ2H for H2O 
MSW 
(February’15) 
Fresh waste 
Samples were taken for isotope analysis (δ13C for CH4, CO2 and δ2H – CH4) at the surface from static 
chambers and from gas probes that extended through the waste and cover soil profiles.   Samples for 
isotope analysis were collected in one sampling round in each of the 4 climatic seasons.  Ongoing gas 
flux (CH4 and CO2) monitoring occurring from 4 to 18 months after placement of the fresh waste lift 
in 2014. The detailed sampling collection methodology and analytical techniques for the field site is 
provided in Chapter 6.   
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The laboratory trial was performed on MSW sampled in February 2015 from waste loads that 
comprised a continuation on the same stage of the landfill, at the bench above the field monitoring 
site. The following sections describe the characterisation of the substrate and the methodology utilised 
to simulate landfill in a packed bed reactor.  
5.2.2 Waste sourcing and characterisation for reactor 
A 100 kg waste grab was sourced from the working face of the landfill described above, with MSW 
collected in 20 L plastic storage drums. MSW was characterised by sorting into five categories: food, 
paper-cardboard, plastic, textiles, and garden waste. Each fraction was subsequently shredded to a 
size range of 10 to 100 mm and mixed into storage drums. Total solids (TS) and volatile solids (VS) 
were measured per Standard Method 2540B and 2540D (APHA., 2012), with the heating ramp 
modifications proposed by Peces et al. (2014).  Total and soluble chemical oxygen demand (tCOD 
and sCOD) were determined for the shredded combined MSW fractions, using Spectroquant ® test 
kits and Spectophotometer SQ118 (Merck, Germany). sCOD samples were prepared by placing 50 
grams of MSW in 100 mL of water, stirred for 30 minutes, with an aliquot collected for analysis. 
Similarly, tCOD samples were prepared by placing 50 g of MSW in 200 mL of water, blended to 
create a slurry with samples collected immediately for analysis. The full protocol for characterising 
the 40 kg MSW utilised for this study is summarised in Appendix B.1. Biochemical methane potential 
(BMP) tests were utilised to characterise the ultimate CH4 yield of the waste following Angelidaki et 
al. (2009) with the configuration utilised by Yap et al. (2016). Residual CH4 potential was also 
measured for the digestate. The full results are presented in Appendix B.2. 
5.2.3 Packed bed reactor 
The 200 L packed bed reactor utilised for this paper was developed by Chugh et al. (1999) and was 
recently refurbished by Rafiee (2016). The reactor is comprised of stainless-steel (SS) with a height 
of 135 cm and a diameter of 47 cm.  The waste bed sat on a 304 SS mesh (2.06 mm ϕ) false floor that 
was 35 cm above the tip of an inverted conical base to the reactor.  This conical base served as a sump 
and the mesh plate prevented waste particles from entering the sump and leachate pumping line. The 
reactor was operated at 38 °C, maintained by 22 m of 450 W heating tape (Thermal Electric Elements, 
SS Braided Heat Trace) wrapped around the external walls of the column. This was covered with 50 
mm thick mineral wool, aluminium foil coated insulation sheeting. Temperature was regulated via 
Eurotherm 3216 thermo-controller system (±1° C from set point) with temperature detected by a 
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thermocouple (ECEfast, TS-11P) installed 10 cm into the side of the waste bed, 15 cm above the false 
floor.  For detail regarding ancillaries, sampling ports and biogas monitoring see Appendix B.3.  
5.2.4 Simulation of landfill waste lift by inoculum addition and loading of reactor 
For this study, it was deemed unsuitable to use landfill leachate as inoculum, as leachate recirculation 
from different landfill stages was utilised at the selected facility. Consequently, digested sewage 
sludge was selected as an inoculum, this was sourced from a mixed mesophilic digester at a waste 
water treatment plant in South East Queensland (Australia). At the false floor of the reactor, 1 kg of 
waste was placed and covered with 10 kg of sludge. This was considered representative of the contact 
zone between a pre-existing waste lift and a new waste layer. The remaining 39 kg of MSW was 
placed above this layer, and roughly compacted with a shovel as it was loaded into the packed bed. 
The total ratio of 1:4 sludge to MSW (wet weight) was specified, to minimise the amount of inoculum 
added whilst also providing enough support to the digestion process. TS, VS, tCOD and sCOD were 
derived for the inoculum and summarised in Appendix B.1. To account for biogas production due to 
sludge during start-up phase, an isotope mixing pool analysis was conducted (Appendix B.4). 
5.2.5 Reactor monitoring 
Monitoring was conducted in three distinct phases. During the first 14 days, the full vertical cross-
sectional gas profile of the bed and leachate analysis (COD, VFA) was sampled daily (Appendix B.3 
for detail regarding ancillaries and sampling ports).  Stable isotope samples were collected three times 
per week during the start-up phase. Early phase monitoring occurred from day 15 to 42, with full 
vertical cross-sectional gas profile sampled three times a week, with headspace monitoring occurring 
daily. Leachate analysis (sCOD, VFA) was decreased to three times per week, isotope samples were 
collected two times per week during early phase monitoring. From day 42 to 98, the full vertical 
cross-sectional gas profile was sampled two times per week, with headspace monitoring occurring 
daily. The frequency of leachate monitoring was decreased further to twice per week, with isotope 
sampling maintained at two times per week. Gas flowrate, pH and leachate recirculation occurred 
daily. 
5.2.6 Standard analytical methods for anaerobic digestion  
5.2.6.1 Biogas composition and production 
For molecular gas composition, samples were immediately analysed by gas chromatography (GC) 
for CO2 and CH4 (Shimadzu GC-8A FID with 100/120 mesh ShinCarbon ST micropacked column) 
and O2, H2 and N2 (Shimadzu GC-8A TCD with 80/100 mesh Molesieve 5A column).  
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5.2.6.2 Leachate analysis 
A bulk sample of 50 mL was collected for analysis before manual recirculation events. The sample 
was centrifuged at 4500 rpm for 20 minutes at 25 °C.  Supernatant was filtered using a 0.45 μm PES 
Millipore membrane into sterile containers prior to sCOD and VFA gas chromatograph (GC) analysis. 
For liquid isotope and HPLC VFA analysis, an additional 0.22 μm PES Millipore membrane filter 
was applied. pH was monitored by Thermo Fisher Scientific Orion Star A221 meter. VFAs including 
acetic acid, propionic acid, butyric acid, valeric acid and hexanoic acid and alcohols including 
ethanol, propanol, butanol were measured using an Aligent 7890A GC equipped with a flame 
ionization detector and a capillary column (DB-FFAP 125-3212). Formic acid, lactic acid, succinic 
acid and glucose were analysed with a HPLC (Shimadzu) equipped with a Shimadzu refractive index 
(RID-10A) detector using a 300 mm x 7.8 mm Phenomenex Rezex ROA-Organic Acid H+ column. 
5.2.7 Stable isotope analysis  
5.2.7.1 Biogas (δ13C-CH4, δ13C-CO2, δ2H-CH4, δ2H-H2) 
On isotope biogas sampling days for the reactor, 30 mL gas samples were collected using an SGE 
Australia 50 mL gas-tight syringe and stored in pre-flushed argon 20 mL serum bottles, creating an 
overpressure for long term sample storage until analysis (refer to Chapter 3). Stable carbon (13C/12C) 
and hydrogen (2H/1H) isotopic ratios for biogas samples were determined in the Stable Isotope 
Geochemistry Laboratory (SIGL), University of Queensland using an Isoprime/Agilent Gas 
Chromatograph-combustion-isotope ratio mass spectrometer (GC-c-IRMS) with the analytical 
equipment, procedure and calibration as described by Baublys et al. (2015). For analysis within the 
one run, for carbon triplicate injections of biogas samples were utilised, whilst for hydrogen duplicate 
injections were employed.  
δ13C values (per mil ‰) were normalised to the Vienna Pee Dee Belemnite (VPBD) scale using a 
multi-point normalisation. A combination of international standards (Oztech δ13C-CO2 -3.6‰ and -
40.75‰) and laboratory standards SIGL2 (δ13C-CH4 -40.4‰) and SIGL3 (δ13C-CH4 -35.6‰, δ13C-
CO2 -36.2‰) were used for the regression with international standard TISO-2 (2% CH4 in air, δ13C-
CH4 -38.3‰) being analysed as an unknown. δ2H values (per mil ‰) were normalised to the Vienna 
Standard Mean Ocean Water (VSMOW) scale using a three point normalisation.  δ2H normalization 
was based on a minimum of two replicate analyses of SIGL1 (δ2H = –167.5 ‰), with SIGL2 (δ2H = 
–154.0 ‰) being treated as unknown. Laboratory standards were calibrated against three international 
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Oztech standards (3x100% H; δ2H = –125, –365 ‰). Precision is quoted at ± 0.3‰ δ13C and ± 5.0‰ 
δ2H at 1 standard deviation. 
5.2.7.2 Leachate (δ2H-H2O, δ18O-H2O) 
Filtered leachate (0.22 μm) was placed in 6 mL glass vials, filled until no gas bubbles were present 
and capped. All isotopic waters were stored at 4 °C until analysis. At least 24 hours before loading 
samples for analysis, copper fillings were added to remove any dissolved H2S, as H2S causes 
instability during analysis. In addition, independent tests were performed for high VFA 
concentrations in the leachate, these were found to have no influence on the analysis protocol (see 
Appendix B.5). Formation water isotopes were analysed at SIGL using an Isoprime dual inlet isotope 
ratio mass spectrometer (DI-IRMS) coupled with a multiprep for online analysis.  δ2H values were 
determined after online equilibration with H2 at 40°C using Hokko coils. δ18O values were determined 
as above, but after equilibration with CO2. δ2H and δ18O values (reported in per mil [‰]) were 
normalized to the standard mean ocean water (VSMOW-SLAP) scale, following a 3-point 
normalization (Paul et al., 2007).  
All laboratory standards were calibrated against International Atomic Energy Agency (VSMOW, 
SLAP, GISP) and United States Geological Survey (USGS45, USGS46) international water 
standards, such that the δ2H and δ18O values of SLAP are –427.5 ‰ and –55.5 ‰, respectively 
(Coplen, 1996). A comparison against Perth and Brisbane, Australia waters was also performed in 
the sample run.  Accuracy and precision were better than ± 2 ‰ for δ2H and ± 0.1 ‰ for δ18O at one 
standard deviation. Both compositions were measured as deviations relative to VSMOW.   
5.2.7.3 Interpretation of stable isotopes 
The isotopic fractionation factor is defined as the division between the isotopic ratios of two 
molecules, (A) and (B) as indicated (Hayes, 1983): 
𝛼𝐴−𝐵 =
𝛿𝐴+1000
𝛿𝐵+1000
                       (5-5) 
The carbon and hydrogen systems are expressed in Whiticar et al. (1986) and Whiticar (1999) form: 
𝛼𝐶𝑂2−𝐶𝐻4 = 𝛼𝐶 =
𝛿13𝐶−𝐶𝑂2+1000
𝛿13𝐶−𝐶𝐻4+1000
                 (5-6) 
𝛼𝐻2𝑂−𝐶𝐻4 = 𝛼𝐻 =
𝛿2𝐻−𝐻2𝑂+1000
𝛿2𝐻−𝐶𝐻4+1000
                      (5-7) 
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For a detailed discussion of the hydrogen system, these will be presented in reciprocal format: 
𝛼𝐶𝐻4−𝐻2𝑂 =
𝛿2𝐻−𝐶𝐻4+1000
𝛿2𝐻−𝐻2𝑂+1000
                       (5-8) 
𝛼𝐻2−𝐻2𝑂 =
𝛿2𝐻−𝐻2+1000
𝛿2𝐻−𝐻2𝑂+1000
                                         (5-9) 
Vinson et al. (2017) proposed partitioning the process of digestion into pathways which delineate 
CH4 production vs. other species, by defining a proportion ‘f’ to approximate the amount of substrate 
converted to CH4 vs CO2. This can be expressed in terms of a mass balance with isotope values, 
assuming all of the low molecular weight organic carbon substrate (CLMW) is produced and 
subsequently converted to CO2 or CH4:  
𝑓 ≈
𝛿13𝐶−𝐶LMW −  𝛿
13𝐶−𝐶𝑂2
 𝛿13𝐶−𝐶𝐻4    −  𝛿13𝐶−𝐶𝑂2
               (5-10) 
The δ13C-CLMW used for this study was adopted from previous classification of waste from the same 
facility and stage as -24.1‰ (Rafiee, 2016, Rafiee et al., 2017).  
5.3 Results and Discussion 
5.3.1 Reactor performance as a simulated landfill environment 
The MSW loaded into the reactor is typical of Australian landfilled waste with a dominant organic 
proportion (63.9 %) comprised of food (39.0%) and garden (24.9%) waste (Appendix B.1, for full 
summary). The degradation behaviour of the MSW in the reactor is summarised in Figure 5.1.  The 
results show that conditions in the reactor rapidly acidified, as expected given the low level of 
inoculation as would be the case in fresh landfilled waste. pH dropped to 5.0 ± 0.15 by day 12 and 
remained at this level thereafter, reflecting inhibited conditions.   
Concurrently, soluble COD rose rapidly from 0 g COD/L day 1 to 114 g COD L-1 by day 14, of which 
64.3 - 85.6 g CODeq L
-1 was VFAs. This concentration is significantly higher than that seen in landfill 
leachate, but landfill leachate is a mixture of liquor from old and new waste.  The peak levels of 
butyrate, lactate and acetate were 46.5, 19.5 and 15.0 g CODeq L
-1respectively (see Figure 5-1, for 
full distribution). There was also a significant fraction of alcohol and glucose in the leachate, 
reflective of the acidified conditions.   The concentration of alcohol peaked at 21.2 g CODeq L
-1 while 
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glucose persisted in the reactor from day 14 to 84 from 0.8 to 5.5 g CODeq L
-1 (see Appendix B.6, for 
full distribution.) 
Despite these harsh conditions, methanogenesis was observed at 20.2 L CH4 kg VS
-1. This level of 
CH4 production is low, and reflects the inhibited state of the reactor. Further evidence of inhibition 
to the process is from the detected H2 production was actually higher than CH4 production, with an 
overall gas production of 31.0 L H2 kg VS
-1 (Appendix B.7). There are two possible reasons for 
methanogenesis to occur in these unfavourable circumstances: (1) formation of micro-niche 
environments providing shielding; and (2) presence of specialised, robust methanogens in the 
microbial community of the reactor. 
A channelling effect is likely to occur in a landfill and a packed bed of MSW, due to the heterogeneous 
composition and varied physical sizes of materials in MSW. Locations where leachate is not retained 
will facilitate spatially isolated areas of neutral pH (Martin, 2001, Staley et al., 2011). These micro-
pockets exist as initiation centres for methanogenesis and shield micro-organisms from the acidic 
bulk pH of the system. In addition, the tolerance ranges reported for the robust methanogen, 
Methanosarcina of pH 5.0-8.0 and acetate concentrations up to 15.0 g CODeq L
-1 match the values 
observed in the packed bed (De Vrieze et al., 2012). It has been identified that microbial communities 
in waste degradation processes have diversity that allows flexibility in pathways to biogas production. 
In particular, for initial stages of waste degradation with similar inhibitory conditions, Nayak et al. 
(2009) highlighted the presence of representatives from Methanosarcinales, Methanobacteriales and 
Methanomicrobiales.  
Furthermore, the degradation of the loaded total COD in the packed bed was incomplete, with 62.9% 
remaining as un-degraded particulate material at the end of 98 days of reactor operation. The 
solubilised COD remaining at the end of reactor operation accounted for 8.9% of the initial COD 
loading and was composed of alcohols (0.6%), VFAs (5.8%), glucose (0.04%) and unidentified 
compounds (2.5%). The proportion of the initial COD loading that was bio-gasified was 28.2%, split 
between CH4 (20.4%) and H2 (7.8%) (Figure 5-1E). This slow and imbalanced degradation process 
would reflect initial degradation conditions in a landfill environment and the operation of the packed 
bed system is considered an appropriate representation of an operational waste cell. It is unclear from 
this characterisation alone which pathway of the methanogenesis was the source of emerging CH4 
production, as there was both abundant levels of acetate and H2 in the reactor.   
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Figure 5-1: Evolution of key leachate parameters over 98 days of waste decomposition in packed 
bed reactor for:  (A) pH ; (B) Soluble COD; (C) VFAs , high range (D) VFAs,  low range; (E) COD 
conversion to soluble and gasified products  (additional sub-figures overleaf). 
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Figure 5-1 (cont.):  Evolution of key leachate parameters over 98 days of waste decomposition in 
packed bed reactor for: (A) pH ; (B) Soluble COD; (C) VFAs , high range (D) VFAs,  low range; (E) 
COD conversion to soluble and gasified products  (additional sub-figures overleaf). 
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Figure 5-1 (cont.):  Evolution of key leachate parameters over 98 days of waste decomposition in 
packed bed reactor for: (A) pH ; (B) Soluble COD; (C) VFAs , high range (D) VFAs,  low range; (E) 
COD conversion to soluble and gasified products. 
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5.3.2 Evolution of carbon isotopes during reactor operation 
A summary of the carbon and hydrogen isotopes for the biogas and leachate formation waters for the 
packed bed are outlined in Table 5-2, Figure 5-2 and 5-3. The values of δ13C-CH4 were identified at 
-51.1 to -43.3‰, with δ13C-CO2 covering a range of -15.4 to -8.3‰. From a deeper evaluation of the 
carbon system over time (Figure 5-2B), it is evident that there are three emergent phases of behaviour 
for degradation consisting of (1) fermentation of organic carbon substrates in MSW (day 0 to 11); (2) 
establishment of methanogenesis using the acetate fermentation (acetoclastic) pathway (day 11 to 
49); and (3) shift in behaviour towards a mixed system of methanogenesis, with an increase in 
proportion of CO2 reduction (hydrogenotrophic) pathway activity (day 49 to 98).  
It is known that during reactor start-up there was a rapid solubilisation of the organic material within 
the waste mass from the anaerobic digestion parameters discussed in Section 5.3.1. This behaviour 
also reflected in the δ13C-CO2 of formation gas. The 13C-enrichment of CO2 was evident over the 
start-up period of the packed bed (day 0 to 11), from -15.4 to -12.2‰ respectively. These values are 
comparable to the range of C3 to C4 plants, that are typical of fermentative and composting processes 
reflecting the starting signature of organic carbon substrates at -27 to -10‰ (O'Leary, 1981, Corbett 
et al., 2013).  
The CH4 production over this period was achieved due to the seeding of the reactor with sludge; 
however, once the production of VFAs increased, the pH shifted from close to neutral conditions to 
pH 5.0, which limited the efficacy of methanogenic organisms.  The type of methanogenesis 
occurring was identified by the Whiticar (1999) apparent fractionation factor (αC) between 1.030 - 
1.036 as acetate fermentation, with substrate conversion to CH4 vs. CO2 (f) ranges of 0.34 - 0.36 
during start-up.   
From day 11 to 49, a gradual production of CH4 was observed, with fluctuations in H2 levels mirrored 
by changes in the VFAs. It is likely the high H2 concentrations were inhibiting the system, with 
activity improving once the H2 by-product decreased in value, due to the fermentation equilibrium. 
From isotopic parameters in this period, methanogenesis was sustained with the proportion of 
substrate conversion to CH4 vs. CO2 (f) ranging from 0.30 - 0.36, αC between 1.035 - 1.037 
highlighting the acetate fermentation pathway being utilised.  
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Figure 5-2: Evolution of stable carbon isotopes (13C-CH4, 
13C-CO2) over 98 days of waste 
decomposition in packed bed reactor for: (A) Indicates the cross-plot of carbon species for 
methanogenesis with overlay of net apparent fractionation factor (Whiticar et al., 1999); (B) 
Carbon trends of the reactor with time, at a finer scale; (C) Cross-plot of CH4 isotopes (
13C-CH4, 
2H-CH4); and (D) Cross-plot of 
2H-CH4 vs. 
2H-H2O (additional sub-figures overleaf). 
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Figure 5-2 (cont.): Evolution of stable carbon isotopes (13C-CH4, 
13C-CO2) over 98 days of 
waste decomposition in packed bed reactor for: (A) Indicates the cross-plot of carbon species 
for methanogenesis with overlay of net apparent fractionation factor (Whiticar et al., 1999); (B) 
Carbon trends of the reactor with time, at a finer scale; (C) Cross-plot of CH4 isotopes (
13C-CH4, 
2H-CH4); and (D) Cross-plot of 
2H-CH4 vs. 
2H-H2O.  
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There is a distinct trend that emerges from day 49 to 98 in Figure 5-2A. αC highlights that from day 
49 onwards, there is an increase of 1.035 to 1.045 (see Figure 5-2B). This implies that 
hydrogenotrophic methanogenesis has started to occur or increased to a level that can be seen 
distinctly and the system is approaching mixed dynamics with both acetoclastic and hydrogenotrophic 
methanogenesis. This is unlikely to be a mass balance reservoir effect when (1) the packed bed 
operation and (2) the monitoring parameters describing the state and extent of the anaerobic digestion 
process are taken into account. Biogas production was measured by a gas flowmeter and then vented, 
so there is no accumulation of the biogas in the headspace of the reactor. Furthermore, the overall 
pool of material to convert to biogas is plentiful. This is reflected by the total VFAs ranging 64.3 - 
85.6 g CODeq L
-1 and a soluble COD >100g COD L-1 of at day 98.   
The Vinson et al. (2017) f values (Table 5-2) further supports this conclusion, revealing that over this 
same period that there was a higher conversion of substrate to CH4 vs. CO2 of f = 0.34 to 0.38. The 
biogas composition measurements from day 77 to 98 mirror the idea of hydrogenotrophic 
methanogenesis occurring, with a decrease from 11.9 to 9.0 v/v% H2 and 59.3 to 56.2 v/v% CO2, and 
an increase of 19.1 to 25.8 v/v% CH4 (Appendix B.7).  Further assessment of the stable hydrogen 
isotope system is required (Figure 5-2C), as this provides better isotopic separation and analysis of 
methanogenesis pathways (Chanton et al., 2005). 
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Table 5-2: Packed bed reactor isotopes for biogas and leachate (14-week digestion of MSW) 
Day 
BIOGAS LEACHATE VINSON  FRACTIONATION FACTORS 
δ13C-
CH4 
δ13C-
CO2 
δ2H-
H2 
δ2H-
CH4 
δ18O-
H2O 
δ2H-
H2O f αC  αH  𝜶𝑪𝑯𝟒−𝑯𝟐𝑶 𝜶𝑯𝟐−𝑯𝟐𝑶 
2 -43.3 -15.4 -652 -516 -0.3 13 0.32 1.029 2.095 0.477 0.344 
4 -43.0 -15.3 -648 -386 0.3 22 0.33 1.029 1.664 0.601 0.344 
7 -43.7 -14.4 -604 -360 0.7 12 0.34 1.031 1.581 0.632 0.391 
9 -44.9 -12.6 -579 -354 0.8 12 0.37 1.034 1.567 0.638 0.416 
11 -46.3 -12.2 BDL -365 0.9 30 0.36 1.036 1.622 0.617 0.971 
14 -49.4 -13.7 -597 -345 0.7 15 0.30 1.038 1.550 0.645 0.397 
16 -47.8 -12.6 -617 -352 0.9 35 0.34 1.037 1.598 0.626 0.370 
18 -47.7 -13.0 -628 -348 0.8 36 0.33 1.036 1.588 0.630 0.360 
21 -47.4 -13.3 -640 -343 0.9 59 0.33 1.036 1.613 0.620 0.340 
25 -48.1 -13.3 -659 -352 1.0 30 0.32 1.037 1.590 0.629 0.331 
28 -48.2 -13.7 -654 -340 0.9 39 0.31 1.036 1.575 0.635 0.333 
32 -47.9 -14.5 -659 -331 0.6 36 0.30 1.035 1.548 0.646 0.329 
35 -47.9 -14.4 -658 -334 0.9 38 0.30 1.035 1.558 0.642 0.330 
39 -47.6 -14.4 -666 -335 0.8 37 0.30 1.035 1.559 0.642 0.322 
42 -47.5 -14.5 -666 -330 0.7 15 0.30 1.035 1.514 0.661 0.330 
46 -47.4 -14.0 -666 -331 0.8 41 0.31 1.035 1.555 0.643 0.321 
49 -46.5 -13.2 -667 -325 0.9 51 0.34 1.035 1.558 0.642 0.317 
53 -47.1 -13.0 -673 -323 0.9 34 0.33 1.036 1.528 0.655 0.316 
56 -47.5 -13.3 -663 -321 0.9 48 0.32 1.036 1.544 0.648 0.322 
60 -47.6 -13.0 -621 -322 0.8 54 0.33 1.036 1.555 0.643 0.359 
63 -47.8 -12.6 -642 -320 0.9 49 0.34 1.037 1.543 0.648 0.341 
67 -48.0 -11.9 -620 -320 1.1 39 0.35 1.038 1.528 0.655 0.366 
70 -48.1 -11.9 -624 -321 1.1 25 0.35 1.038 1.510 0.662 0.367 
74 -48.7 -11.3 -618 -321 0.9 41 0.35 1.039 1.533 0.652 0.367 
77 -49.1 -11.3 -665 -324 0.8 51 0.35 1.040 1.554 0.643 0.319 
81 -49.4 -10.6 -660 -323 0.9 35 0.36 1.041 1.529 0.654 0.328 
84 -49.7 -10.3 -674 -321 0.9 36 0.36 1.041 1.526 0.655 0.315 
88 -50.3 -9.9 -657 -329 0.8 43 0.36 1.043 1.555 0.643 0.329 
91 -50.5 -9.4 -662 -334 0.9 37 0.36 1.043 1.557 0.642 0.326 
95 -51.1 -8.8 -661 -328 1.0 28 0.37 1.045 1.529 0.654 0.330 
98 -51.1 -8.3 -661 -333 1.0 25 0.38 1.045 1.537 0.651 0.331 
BDL – below detection limit.  
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5.3.3 Evolution of hydrogen isotopes during reactor operation 
From assessment of Table 5-2, Figure 5-2C and Figure 5-3A, it is evident that the reactor δ2H-CH4 
values fall within the acetoclastic mechanism at -321 to -360‰. This is further supported by the 
fractionation factor for hydrogen system expressed as the Whiticar (1999) apparent fractionation 
factor αH of 2.062 – 1.621, which plotted close to the theoretical line for acetate fermentation (see 
Table 5-2, Figure 5-3A). In the start-up period of the reactor δ2H-CH4 shifted from -516 to -354‰, 
after this point there are typically minor changes of ±5‰. This initial value of -516‰ is suggestive 
of methanogenesis activity linked to a methylated substrate, as Whiticar (1999) reported for δ2H-CH4 
= -531‰.  Additional shifts in the reactor occur at day 25 to 30 (-352‰ to -331‰) and with 
fluctuations from day 84 (± 9‰) to the end of the experiment.  
Overall, when the combination of δ2H-CH4 and δ13C-CH4 values are considered in the CD-diagram 
for classification (Figure 5-2C), it is apparent that the digestion is typical of biogenic acetate 
fermentation.  Given the pronounced changes in the stable carbon isotope system signalling a change 
in behaviour of the packed bed discussed in Section 5.3.2, it was anticipated that δ2H-CH4 values 
would experience larger variations to reflect this transition. For the reactor, it is suggested that the 
lack of change in the δ2H-CH4 is a result of the persistently high H2 levels throughout the experiment. 
The possibility of a relationship between CH4-H2O fractionation and the H2 availability in the 
methanogenic environment has been discussed (Burke, 1993, Yoshioka et al., 2008, Hattori et al., 
2012, Stolper et al., 2015). In a batch culture of a thermophilic methanogen (Methanthermo bactor 
thermautotrophicus), Kawagucci et al. (2014) demonstrated that the hydrogen isotope ratio of H2 
affects the hydrogen isotope ratio of the produced CH4. In this study, for the by-product H2, the δ2H-
H2 values observed for the packed bed of -579 to -673‰ are comparable to H2 sourced from biogenic 
processes (-650 to -950‰) (Schoell, 1980). There are two periods in the operation where the δ2H-H2 
are -579 to -650‰ (day 4 –21) and -621 to -650‰ (day 60 – 74). These values are similar to H2 from 
a hydrothermal system of -300 to -675‰ (Welhan and Craig, 1979, Proskurowski et al., 2006). 
Unfortunately, there is limited data available to describe δ2H-H2 in biological processes, as it is an 
intermediate by-product that does not accumulate and is difficult to measure due to detection limits 
with mixed biogases. It is proposed that the δ2H-H2 effect has not been evidenced in current field 
studies for isotope tracing, as these environments are likely to be in low H2 concentrations. Further 
work needs to be performed to (1) improve the understanding of the hydrogen isotope system in 
complex environments and (2) characterise the biogenic methanogenesis with respect to H2 levels in 
a range of ecosystems and operational scenarios (Burke, 1993).  
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Figure 5-3: Evolution of stable hydrogen isotope gas (2H-CH4, 2H-H2) and leachate (2H-H2O) 
over 98 days of waste decomposition in packed bed reactor for: (A) Cross-plot of deuterium species 
(2H-CH4, 2H-H2O) for methanogenesis with overlay of net apparent fractionation factor (Whiticar 
et al., 1999) and the theoretical limits that have been proposed by several authors; (B) 2H-H2 
evolution with respect to reactor operation time (C) Leachate (2H-H2O) evolution with respect to 
reactor operation time.  
Furthermore, the variations in leachate 2δH-H2O from digestion in Figure 5-3C are difficult to relate 
to a specific mechanism as formation waters are influenced by the signature of precursor organic 
matter and the degradation pathway utilised by organisms (Valentine et al., 2004a, Conrad, 2005, 
Sugimoto and Fujita, 2006). On day 10, the δ2H-H2O of the leachate experienced an enrichment shift 
of +20‰ indicative of the onset of methanogenesis as highlighted in Figure 5-3C. This is consistent 
with Rank et al. (1995) where a new lift of waste in an Austrian landfill had a net enrichment shift of 
+40‰ at the commencement of CH4 production. The peak enrichment of the system shift observed 
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over the 98-day period, occurred on day 21 for the leachate at +59‰, compared to the starting point 
of 0‰ (see Figure 5-3C). This value seems heavily enriched as other authors have recorded leachate 
values of –74.7 to +14.5‰  Hackley et al. (1996) and -20 to -100‰ (Rank et al., 1995). However, it 
is important to reflect these findings against the local meteoric water values of δ2H-H2O. The starting 
condition of the liquid inventory of the reactor sludge was more enriched than other studies with a 
2H-H2O = 0‰, compared against Hackley et al. (1996) for Illinois local precipitation of 2H-H2O = -
43.3‰ and Rank et al. (1995) for starting leachate water in Austria of 2H-H2O = -70‰. Indeed, when 
the Fresh Kills landfill in New York City is considered,  Siegel et al. (2001) identified landfill leachate 
enrichment by as much as +70‰, compared to the deuterium of local groundwater beneath the landfill 
reported in a previous study by the authors (Siegel and Andersen, 2000).  
The fractionation factors for hydrogen in Table 5-2, are expressed in an alternative format (defined 
in eq. 5-7, 5-8 and 5-9) for comparison with other studies. The  𝛼𝐶𝐻4−𝐻2𝑂 started at 0.477 on day 2 
and increased up to 0.638 by day 9. From day 9 onwards, 𝛼𝐶𝐻4−𝐻2𝑂was observed in a narrow region 
of 0.620 – 0.661. This compares to the boundary of the classification system posed by Okumura et 
al. (2016) as CH4 from a young CH4 reservoir of 𝛼𝐶𝐻4−𝐻2𝑂 at 0.660 – 0.740.  This proposed limit by 
Okumura et al. (2016) is based on the grouping of batch incubation data of (1) co-cultures with 
synthetic substrates or (2) natural samples enriched with synthetic materials. The example cited for 
landfill Waldron et al. (1998) utilised 180g waste with a synthetic butyric acid solution to represent 
leachate. The 𝛼𝐶𝐻4−𝐻2𝑂 values for this study are lower than the designated ‘young’ area. It is 
suggested that the use of  𝛼𝐶𝐻4−𝐻2𝑂 values to identify the age of methane reservoirs by Okumura et 
al. (2016) be reviewed to include complex substrates for fermentation and early stage methanogenesis 
on an environmental equivalent scale and set of conditions.  
The reactor values of 𝛼𝐻2−𝐻2𝑂 predominately range from 0.315- 0.344 (see Table 5-2). There is one 
clear peak in this parameter on day 11 at 𝛼𝐻2−𝐻2𝑂 of 0.971 and a region of general increase from day 
60 to 74 with 𝛼𝐻2−𝐻2𝑂of 0.359 to 0.367. The maximum observed value for 𝛼𝐻2−𝐻2𝑂is likely a 
reflection of the initial rapid fermentation evidenced by VFA concentrations in the start-up of the 
system and the level of H2 gas concentration (0- 9.5 v/v %). The secondary variation in 𝛼𝐻2−𝐻2𝑂 
corresponds with the changing dynamics in δ2H-H2 from day 56 to 77 (-673 to -618‰) as the H2 is 
being consumed by hydrogenotrophic organisms and being replenished by hydrolysis and 
fermentation as evidenced by glucose and lactic acid transitions in this period. 
90 
 
5.3.4 Comparison between laboratory and field derived values for landfill processes  
A feature of this study is that, for the first time, a direct comparison between field and laboratory 
isotopic values for a waste stream has been performed. The in-situ isotope gas data from the waste 
profile assessed in the field trial described in Section 5.2.1 are summarised below in Table 5-3.  
Table 5-3: Field trial isotope results for biogas samples collected through waste profile 
Month Days since 
placement 
Site 1 (crest of sloped cell)  Site 5 (middle of sloped cell)  
Depth 
[m] 
δ13C-
CH4 [‰] 
δ13C-
CO2 [‰] 
δ2H-
CH4 
[‰] 
Depth 
[m] 
δ13C-
CH4 [‰] 
1δ13C-
CO2 [‰] 
δ2H-
CH4 
[‰] 
20-Jan-15 141 ND 0.71 -57.7 13.7 -271 
  1.05 -55.5 14.5 -282 
  1.30 -58.8 14.3 -250 
  1.57 -55.4 16.6 ND 
21-Sep-
15 
385 0.57 -58.5 15.3 -296 0.71 -59.0 17.9 -286 
  0.62 -58.4 15.2 -298 1.05 -59.4 17.9 -284 
  1.35 -58.7 14.5 -301 1.30 -59.4 17.9 -286 
  1.84 -59.4 15.1 -305 1.57 -59.3 18.2 -282 
9-May-16 616 0.57 -58.3 15.7 -299 0.71 -57.8 17.2 -279 
  0.62 -58.2 15.5 -297 1.05 -59.2 17.6 -282 
  1.35 -58.8 15.1 -303 1.30 -59.4 17.6 -284 
  1.84 -59.5 16.5 -306 1.57 -59.1 17.6 -283 
30-May-
16 
637 0.57 -56.8 16.0 -296 0.71 -57.5 17.1 -277 
  0.62 -57.0 14.7 -296 1.05 -59.2 17.7 -281 
  1.35 -58.5 15.5 -303 1.30 -59.5 17.7 -285 
  1.84 -59.5 16.8 -305 1.57 -59.0 17.7 -279 
 
From the field data in Table 5-3, δ13C-CO2 for the waste deposited from within the top 2 m of the 
waste mass, had enriched values of δ13C-CO2 of +13.7 to +16.6‰  after 4 months residence time in 
the landfill. This was an unexpected result, as it was anticipated for a new landfill cell that values 
would indicate aerobic composting and initial methanogenesis activities with δ13C-CO2 reflecting the 
organic material signatures of -30‰ to-10‰ as discussed in Section 5.3.1.  
A closer examination of the methanogenesis pathways was performed by calculating the apparent 
fractionation factor for anaerobic digestion by utilizing the deepest probe values at each location and 
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applying the Whiticar form for αC. The 4-month point in the landfill was calculated as αC = 1.076 that 
identified hydrogenotrophic methanogenesis as the dominant pathway, as αC > 1.065. These findings 
are in stark contrast to the laboratory experiment, at 3.5 months (day 98) where 13δC-CO2 = -5.1‰ 
and αC = 1.045. This discrepancy is likely due to the influence of migrating gas from the underlying, 
mature layers of MSW that have been landfilled for over 6 years. From mass balance work conducted 
on this cell described in Chapter 6, it was identified that 83% of the surface gas fluxes being measured 
were from the established waste layer underneath the fresh waste at 4 months after waste placement.  
In a previous study, Hackley et al. (1996) suggested that CO2 isotopic composition from the early 
degradation phase would be swamped by CO2 produced by the methanogenesis process, due to the 
limited input in terms of volume of isotopically light CO2.  It is evident that this effect was observed 
this landfill trial, with the waste exhibiting enriched values increasing from δ13C-CO2 +13.7 to 
+17.7‰. A further evaluation was performed utilising the isotope values derived in the laboratory, in 
order to identify what proportion each layer of waste contributed to the overall isotope pool 4 months 
after waste placement. This was found to be consistent with the mass balance prediction described at 
80% of gas production from the established, mature waste mass (Appendix B.8).        
5.3.5 Link between landfill maturity and stable carbon isotope characteristics 
It is not readily possible to compare hydrogen systems in landfill environments as there is very limited 
data presented for all related isotopes of δ2H-CH4, δ2H-H2O and δ2H-H2.   Therefore, an assessment 
on literature and field data values for the δ13C-CO2 and δ13C-CH4 system was considered to see if 
there was any trend with waste maturity and landfill age. For this investigation, only journal 
publications with information provided for both the landfill cell age and δ13C-CO2 and δ13C-CH4 have 
been included in Figure 5-4.  
The objective of this reactor study was to characterise fermentation and early phase methanogenesis 
and identify if there was an emergent pattern in behaviour from young to mature landfill cells. A 
similar effort by Hackley et al. (1996) surveyed landfill cell ages from <1 to 2 years in East US and 
Illinois and intermediate age (2-4 years) in Illinois and West US. The value of αC=1.045 observed by  
Hackley et al. (1996) for biogas from < 1-year old landfill cells in East US matches favourably with 
the αC=1.045 evidenced in the reactor in this study (14 weeks). Hackley et al. (1996) data-set strongly 
supports the idea that landfill gas in the first two years evolves rapidly from an acetoclastic pathway 
to a mixed methanogenesis system (Figure 5-4).   
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Widory et al. (2012) applied a multi-isotope analysis to produce mixing diagrams for landfill systems. 
In this effort, two sites were assessed in Sonzay, France, (Site A) with ‘young waste’ and Site B with 
7-8 years old waste. Interestingly, the Site A samples had a similar trend to the field trial in this study, 
where the values obtained for δ13C-CO2 and δ13C-CH4 are more reflective of established 
methanogenesis, which implies that this was likely sampled from a cell that had underlying older 
waste mass beneath. Recently, Raco et al. (2014) attempted to re-define fractionation factor limits for 
landfill gas at 7 sites across Italy. Only the Ravenna and Legoli sites are included in Figure 5-4 as 
plant specification information could be obtained for these facilities. It is unclear about the precise 
date of sampling campaigns for this dataset.  The Ravenna landfill is still operational with sector 8 as 
the last filling staging of the facility, with mature cells (sector 1, 2 and 3 at maximum capacity 2005) 
and intermediate cells (sectors 4, 5, 6 and 7 at maximum capacity 2010-2014).  As such, given the 
values reported by Raco et al. (2014) for this facility are similar in nature to the reactor study, it is 
likely the results are from the final stages of fresh waste lifts in sector 7.  The Legoli site near Pisa 
was closed in 2007, with values plotting across the young to intermediate range identified.   
For MSW, from the comparison of a variety of landfill studies with stable isotopes and different waste 
ages, it appears that as the waste age (maturity) of the system increases, there is a tendency for 
landfills to approach the CO2 reduction region in the stable carbon isotope system (Figure 5-4). There 
appears to be little change in behaviour from the intermediate to mature stages, with most of the shifts 
occurring within the first two years of the cell life. The samples which deviated from this pattern for 
mature sites, namely Games and Hayes (1976) and Widory et al. (2012) Site B, may result from shifts 
due to CO2 adsorption, CH4 oxidation effects, mixing with atmospheric air or biogas from composting 
processes. In Figure 5-5, to ascertain what caused points to deviate from the methanogenesis trend 
identified, data obtained for composting and CH4 oxidation assays from the landfill cover described 
in Chapter 4 was assessed with respect to δ13C-CO2 as it is common to all landfill mechanisms. The 
only other study to analyse and suggest stable carbon isotope regions for both of these aerobic 
processes was Bogner et al. (1996) with 103 data points from US landfills, however, these data are 
only available in graphical format. Figure 5-5, has confirmed that the  Games and Hayes (1976) and 
Widory et al. (2012) Site B studies are reflective of CH4 oxidation changes.  This study highlights 
that the existing boundaries of stable carbon systems may need to be adjusted. Further investigation 
of biological process across the full range of behaviour (early to mature phases) and critical conditions 
of inhibitory by-products or competition for substrates is required. 
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Figure 5-4: Analysis of landfill gas 
maturity and biochemical process 
type with literature and current 
study data using a modified version 
of the  cross-plot regions by 
Whiticar et al. (1999) 
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Figure 5-5: Analysis of landfill 
gas maturity and biochemical 
process type with literature and 
current study data, using 
modified version of Widory et 
al. (2012) CO2 concentration 
and signature cross-plot regions. 
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5.4 Implications to isotopic application to characterise landfill gas formation processes  
This study aimed to improve understanding of methanogenesis pathways in fresh waste landfill 
environments. This was achieved by utilising stable isotopes parameters, in particular the apparent 
fractionation factors for carbon (αC) and hydrogen (αH) for anaerobic digestion. A comparison of the 
in-situ measured conditions against a controlled laboratory experiment was performed to account for 
effects associated with aerobic behaviour, environmental fluctuations or operational practices of 
leachate recirculation or landfill gas management.  
The laboratory assessment revealed that fresh waste exhibited acetoclastic methanogenesis αC 
between 1.029 - 1.037 for the first 7 weeks of degradation. After this point there with a pronounced 
shift towards a mixed system αC at 1.045 on day 98. This finding was confirmed by a previous study 
Hackley et al. (1996) with similarly aged landfill cell data of <1 year.  In the context of the full 
lifecycle of a landfill stage, it was concluded that the most variation in the stable carbon isotopes was 
experienced within the first two years of cell life, with intermediate and mature cells experiencing 
limited changes in values. A revision of landfill gas isotope regions was also developed with the 
compilation of the fermentation and initial methanogenesis data obtained from this study and the 
inclusion of data of aerobic landfill gas processes of composting and CH4 oxidation.  
Furthermore, this work highlights that care needs to be exercised in obtaining samples to represent 
anaerobic digestion in the field, in particular for younger CH4 reservoirs, as CO2 from early 
degradation may be swamped by CO2 from mature methanogenesis, due to the limited input in terms 
of volume and flux of isotopically light CO2.  Furthermore, it is evident that the practical, physical or 
operational characteristics of industrial processes or environmental systems need to be accounted for 
when utilising stable isotopes for the characterisation of multiple biochemical pathways. In the case 
of industrial or ecological profiling where there are multiple waste sources with different ages, it may 
be pertinent to (1) perform characterisation sequentially where operationally or practically possible; 
(2) isolate samples from the separate regions/sources and enrich under equivalent conditions for 
derivation of isotopic parameters; and (3) long term characterisation of the field of interest through 
scientific investigations reporting the constraints and more detail around the sites being studied.  
Failure to do so will hinder the accuracy of deriving stable isotope fractionation factors and signatures 
to represent biological or physical processes. This has flow-on effects to mass balances and will 
continue to lead to estimates that do not convey the true behaviour or efficiency of the systems being 
surveyed.  
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CHAPTER 6: METHODOLOGY TO DISTINGUISH BETWEEN THE 
RATE OF ANAEROBIC DIGESTION, COMPOSTING AND CH4 OXIDATION 
IN A LANDFILL ENVIRONMENT 
 
This chapter presents the mass balance methodology and its application to extended monitoring 
campaigns at the Swanbank landfill. Research Question 1, is at the heart of the project.  Without a 
supply of O2 the capacity for aerobic behaviour is diminished. It was desired to determine whether 
there was additional O2 ingress into shallow waste after the cell was compacted and overlain with an 
interim cover. Early observations at the start of the trial indicated that there was a strong potential for 
aerobic activity. These results have been partially published with the following reference (Obersky et 
al., 2015):  
Obersky, L. Rafiee, R. Xie, S. Golding, S.D Clarke, W.P. (2015) Determining the 
simultaneous rates of anaerobic digestion, composting and methane oxidation in shallow 
waste in an active landfill cell. 15th International Waste Management and Landfill 
Symposium. Margherita di Pula, Cagliari, Italy; 5 – 9 October 2015 
Research Question 2 addressed the hypothesis that a mass balance over a landfill lift could be 
performed using molecular and isotopic gas sampling.  Data utilised for the application of the mass 
balance model is contained within this chapter. This chapter presents the keystone concept and 
application of the overall thesis and highlights the potential to distinctly quantify the types of activity 
occurring within a fresh lift of waste in a landfill environment. These results have been accepted for 
publication with the following reference:  
Obersky, L., Rafiee, R., Cabral, A.R., Golding, S.D., Clarke, W.P. (2018) Methodology to 
determine the extent of anaerobic digestion, composting and CH4 oxidation in a landfill 
environment. Waste Management, In Press, Corrected Proof, 
(https://doi.org/10.1016/j.wasman.2018.02.029)  
The revision of the model from the derived isotopic parameters in Chapters 4 and 5 is also discussed 
with the full results included in Appendix C. A further discussion of monitoring results obtained 
across the full experimental study is presented within Appendix C of this thesis.   
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6.1 Introduction 
Composting in landfilled waste is known to occur at least to the extent supported by O2 that is 
entrained with waste as it is placed in a landfill (Bookter and Ham, 1982, Komilis et al., 1999). 
However, the actual level to which waste degrades aerobically beneath covers has not been measured.  
All waste in a landfill lies at some stage directly beneath a soil cover.  As this study demonstrates, 
neglecting aerobic activity can lead to inflated predictions of CH4 production and greenhouse 
emissions, particularly in cases where interim soil cover, which minimises odour, eliminates access 
to vermin and prevents windblown debris but cannot eliminate atmospheric O2 migration; thus, 
supporting aerobic processes for an extended period of time.. From an operational perspective, if the 
presence of O2 extended into the waste mass, this could have negative consequences by either 
diverting CH4 potential from biogas production or posing a safety risk, by facilitating conditions for 
landfill fires.   
In a column trial by Kallel et al. (2006) using MSW there was penetration of O2 observed through the 
waste bed.  There is further evidence in landfill field trials that O2 can reach the covered waste mass 
due to atmospheric gas transport in the presence and absence of the vacuum induced by gas extraction 
gas transport. For example, in a landfill constructed on an old quarry site in the United Kingdom, O2 
levels at 10 v/v% were observed at depths of 20 m (Barry et al., 2004). At the Fiflholt landfill, in 
Iceland, where a final cover of 1-1.2 m (15-25 cm mulch under 1 m of sandy soil) for mature cells 
spanning 6-10 years, atmospheric O2 and N2 were observed 80 cm in the waste by Kjeld et al. (2014), 
with O2 concentrations reaching 0.75 – 16.25 v/v% (average of 8.14 v/v%) and, for N2, 5.85 – 73.40 
v/v% (average of 46.1 v/v%) 80 cm into the waste layer.   
In fact, continuous O2 migration through the surface may sustain aerobic degradation of both the 
organic fraction of the cover and within the shallow waste. Aerobic degradation might occur at a 
uniform depth in a homogeneous fine medium, but it is proposed that zones of anaerobic activity 
within aggregations of organic matter such as bagged waste or large objects would occur in the coarse 
waste layer, surrounded by channels of composting activity. This gives rise to mixed regions of 
composting and anaerobic digestion within the uppermost layers of the waste mass.  
Previous studies have developed carbon mass balances to define methane oxidation behaviour in 
landfill soil covers (Christophersen et al., 2001, Einola et al., 2009, Pedersen et al., 2011).  These 
calculations require an estimation of gas fluxes exiting the surface (CH4, CO2), and upward fluxes 
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from the underlying waste mass that migrates into the cover (CH4 and CO2) (Bogner and Spokas, 
1993, Scheutz et al., 2011, Gebert et al., 2011b). However, gas fluxes at the base of the control volume 
cannot be measured physically without disturbing the system. This is overcome by assuming the 
fluxes of CH4 and CO2 are proportional to the concentration of these gases at the base of the cover 
and that total carbon flux is conserved through the soil cover.   The rate of CH4 oxidation (rOX) in this 
simple case is expressed in molar [mol C m-2 d-1] or mass form [g C m-2 d-1]:  
𝒓𝑶𝑿. = [𝑱𝑪𝑯𝟒,𝒃𝒐𝒕𝒕𝒐𝒎 − 𝑱𝑪𝑯𝟒,𝒔𝒖𝒓𝒇𝒂𝒄𝒆]                 (6-1) 
𝑱𝑪𝑯𝟒,𝒃𝒐𝒕𝒕𝒐𝒎 =
𝑪𝑪𝑯𝟒,𝒃𝒐𝒕𝒕𝒐𝒎
𝑪𝑪𝑶𝟐,𝒃𝒐𝒕𝒕𝒐𝒎+ 𝑪𝑪𝑯𝟒,𝒃𝒐𝒕𝒕𝒐𝒎
× [𝑱𝑪𝑶𝟐,𝒔𝒖𝒓𝒇𝒂𝒄𝒆 + 𝑱𝑪𝑯𝟒,𝒔𝒖𝒓𝒇𝒂𝒄𝒆 − 𝒓𝑪𝑶𝑴.]            (6-2) 
where the fluxes J [mol C m-2 d-1] are: 𝐽𝐶𝐻4,𝑏𝑜𝑡𝑡𝑜𝑚 , the CH4 flux migrating from waste layers into the 
soil cover;  𝐽𝐶𝐻4,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , the surface emission of CH4; 𝐽𝐶𝑂2,𝑏𝑜𝑡𝑡𝑜𝑚, the CO2 flux migrating from waste 
layers into the soil cover; and  𝐽𝐶𝑂2,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , the surface emission of CO2 and 𝑟𝐶𝑂𝑀 is the rate that CO2 
is produced from composting in the cover. 
The carbon flux is not conserved however if composting is significant.  For the purposes of 
distinguishing composting and methane oxidation others have proposed measuring the rate of 
composting in separate aerobic incubations of the soil (Scheutz et al., 2011).  Instead, the same mass 
balance approach can be extended to incorporate both aerobic and anaerobic reactions within the 
landfill. The determination of the simultaneous rates of anaerobic digestion, CH¬4 oxidation, and 
composting in landfill has not been assessed to date. The logical extension of the carbon balance 
method would be to develop mass balances which evaluate the gas fluxes of O2, CO2 and CH4  (Rafiee 
et al., 2017). In practice, it is problematic to measure the O2 flux into the landfill cover with current 
methods (Chapter 3, Section 3.4).  
Preliminary findings by Bogner et al. (1996) highlighted the potential use of stable isotopes to 
characterise aerobic and anaerobic mechanisms in landfills. Bogner et al. (1996) concluded that CH4 
oxidation was the most significant aerobic process, but that it was still plausible for the composting 
of organic matter to occur in parallel. Stable isotopes have since been applied extensively in landfills 
to analyse CH4 oxidation (Cabral et al., 2010, Cabral and Capanema, 2012), with different soil types 
(Chanton and Liptay, 2000), climatic zones (Chanton et al., 2010), soil texture and porosity (Gebert 
et al., 2013) and modes of gas transport (De Visscher et al., 2004). 
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It is hypothesised that the rate and extent of anaerobic digestion, CH4 oxidation and composting 
within the soil cover and the fresh waste immediately below the cover can be determined by the 
combination of stable isotope and mass balances for carbon species (CH4 and CO2). This is readily 
obtained from surface flux measurements and sampling of gas and isotope composition through the 
soil and waste profile to a nominated depth in the field environment. This paper documents the rates 
of activity derived 4 to 18 months after a layer of fresh waste was placed, compacted and subsequently 
covered with an interim soil layer of thickness (30 - 50 cm).  The calculated rates are lumped values 
for the combined soil layer and shallow waste zone.  Whether this measured activity occurs in the 
soil or the shallow waste is not distinguished.   
6.2 Materials and Methods 
6.2.1 Description of field site  
The experimental site was located on a sloped edge (3:1 vertical to horizontal) of a municipal solid 
waste landfill in Ipswich, Queensland, Australia (27°39'32.18"S, 152°49'39.77"E).  A fresh waste lift 
was placed over this area in August-September 2014 and was progressively covered with 30-50 cm 
of silty clay loam (interim cover) as the waste was placed. The lift was placed above pre-existing 
landfill lifts deposited from 2008 to 2009.  Five sampling locations were selected at varying distances 
from the crest of the slope as indicated (Figure 6-1).  
 
Figure 6-1: Plan and elevation view of field site and installed equipment on slope at Swanbank 
(Obersky et al., 2018b). 
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6.2.2 Field sampling and gas analysis 
At each selected site, gas samples were collected from a static chamber and gas probe set. Gas fluxes 
(CH4 and CO2),
 gas composition profiles (CH4, CO2, N2, O2) and isotopic abundance profiles (δ13C 
for CH4, CO2 and δ2H – CH4) were monitored in four sampling campaigns, performed 4 to 18 months 
after the waste and interim cover were placed.  One sampling campaign was performed in each of the 
four climatic seasons. Additional monitoring of gas fluxes and composition levels were conducted 
for the overall thesis project.  
Gas probes were constructed of stainless steel (SS) 12 mm internal diameter tubes. The top of each 
spear was fitted with a septa and aluminium crimp and a conical tip at the base.  Samples were drawn 
through four perforated holes at the tip of the probe. Gas probes were installed at four depths at site 
1 (0.57, 0.62, 1.35, and 1.84 m) and site 5 (0.71, 1.05, 1.30, and 1.57 m). At sites 2, 3 and 4 only one 
spear was installed to track gas composition within the waste (1.65 m at site 2; 1.33 m at site 3 and 
1.51 m at site 4). A short-circuiting test was performed using helium as a tracer gas with a Laco 
Technologies Gas Check G3 leak detector and 3 L aluminium shroud placed as a collar over each 
spear, sealing a radius of 150 mm ground surface around the spear (Chapter 3, Section 3.3.2). The 
dilution factor due to short-circuiting was estimated by the concentration of helium detected in the 
spear sample divided by the helium concentration in the shroud. Based on soil probe guidelines, 
dilution values less than 5-10% indicate negligible short-circuiting (Ma et al., 2012).  
The static chambers were fabricated with SS 316 and had a conical geometry (15 L, height of 0.2 m, 
cross-sectional area of 0.28 m2) designed to prevent the formation of stagnant zones (Dever et al., 
2011). Each static chamber was seated on a circular anchor plate that was hammered into the cover 
soil, which ensured samples were collected from the same locations throughout the study period. A 
CO2 infrared gas analyser (EGM-4, PP Systems) system was used to measure CO2 concentrations on 
site during static chamber experiments. To avoid creating a vacuum in the chamber, gas that was 
drawn through the EGM-4 was circulated back into the chamber. The flux of the gas species was 
calculated using from the rate of accumulation of each species in the chamber as per static chamber 
convention (Abichou et al., 2006a, Bogner et al., 2011).  
All gas samples were collected using gas-tight syringes (SGE Australia) and stored in serum bottles, 
rather than the commonly used evacuated vials. Gas samples were large enough to first flush the 
bottle before filling with the sample based on recommendations by Sturm et al. (2015) (Chapter 3, 
Section 3.3.3). Eby et al. (2015) identified that serum bottles provided the best reliability for isotope 
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sampling, with minimal fractionation effects during storage and transport. Molecular gas composition 
was analysed by gas chromatography (GC) using three replicate injections into a Shimadzu GC-8A 
FID with 100/120 mesh ShinCarbon ST micropacked column for CO2 and CH4 analysis and three 
replicate injections into a Shimadzu GC-8A TCD with 80/100 mesh Mole Sieve 5A column for O2 
and N2 analysis. Calibration for both GCs was performed using external gas standards obtained from 
British Oxygen Company (BOC).  
The isotopic abundances for all samples were determined in the Stable Isotope Geochemistry 
Laboratory, University of Queensland, using an Isoprime/Agilent Gas Chromatograph-combustion-
isotope ratio mass spectrometer (GC-c-IRMS). The δ13C and δ2H values (per mil, ‰) were 
normalised to the Vienna Pee Dee Belemnite (VPBD) and VSMOW scales respectively, following a 
2-point normalisation for δ13C and δ2H using a combination of international reference gases (Oztech: 
δ13CO2: -40.75‰, -3.59‰ and δ2H: -125‰, -365‰) and laboratory CH4 and CO2 standards. The 
reproducibility for δ13C is ± 0.3 ‰ and for δ2H ± 4.0 ‰ at one standard deviation. Additional details 
on the analytical equipment, procedure and calibration can be found in Baublys et al. (2015).    
6.2.3 Determination of isotopic parameters for key processes  
Microorganisms typically metabolise the lighter isotopic forms of key substrates, which gives rise to 
preferential effects called isotopic fractionation. The degree to which lighter isotopic forms are 
preferentially metabolised is characteristic for each biochemical process (Kendall and McDonnell, 
2012). The characterisation of fractionation factors is performed via the Rayleigh approach (Coleman 
et al., 1981, Liptay et al., 1998) by closed system incubations with samples at field conditions.  
The fractionation factor for CH4 oxidation has been shown to be dependent on temperature (Scheutz 
et al., 2009).  A correlation for the effect of temperature on the degree of fractionation for CH4 
oxidation in a clay soil was developed by Chanton and Liptay (2000): 
𝛼𝑂𝑋 = 0.000433 𝑇 + 1.0421                 (6-3) 
where 𝛼𝑂𝑋 is the adjusted fractionation factor, T is the temperature of the cover[℃]. 
In anaerobic digestion, this process is described by two parameters: the apparent fractionation factors 
for stable carbon and hydrogen isotopes (Whiticar, 1999). The isotopic composition of the biogas 
produced will depend on the isotopic composition of the organic solids and the preferential uptake by 
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the dominating methanogenesis pathway.  The fractionation factor for the anaerobic digestion 
reaction in terms of the carbon system is: 
𝜶𝑨𝑫 =
𝜹𝟏𝟑𝑪𝑪𝑶𝟐+𝟏𝟎𝟎𝟎
𝜹𝟏𝟑𝑪𝑪𝑯𝟒+𝟏𝟎𝟎𝟎
                             (6-4)      
where 𝛿13𝐶𝐶𝑂2and 𝛿
13𝐶𝐶𝐻4are the stable isotopic abundances of 
13C in CO2 and CH4 produced by the 
anaerobic region of the ecosystem. In this study, gas sampled at the deepest probe depth, which 
marked the base of the control volume were used to calculate 𝛼𝐴𝐷.  
In contrast, composting organisms have no preferential bias towards 12C or 13C.   Therefore, the ratio 
of 13C-CO2 and 
12C-CO2 in the gas produced from composting reflects the ratio of these isotopes in 
the organic carbon substrate (O'Leary, 1981, Corbett et al., 2013). It is difficult to determine the direct 
measurement of the organic carbon signature in waste due to heterogeneity. Instead, waste was 
sampled from the fresh lift at the field site and incubated under composting assay conditions, with 
the carbon isotopic composition of headspace gas CO2 sampled from three incubations as described 
by Rafiee et al. (2017). 
6.2.4 Mass and isotope balances  
The control volume for the mass balance includes the soil cover and the top 1.6 m of waste beneath 
the cover as presented in Figure 6-2. Despite the landfill being a complex system with an array of 
biochemical processes, to gain an insight into aerobic and anaerobic degradation, this was simplified. 
Three different reactions are proposed to occur in these layers, namely anaerobic digestion (rAD), CH4 
oxidation (rOX) and composting (rCOM).  
 
 
 
 
 
 
Figure 6-2:  Required data to estimate rAD, rOX and rCOM over control volume of shallow MSW. 
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Anaerobic digestion was treated as a lumped process, rather than a combination of by acetoclastic 
and hydrogenotrophic methanogenesis mechanisms, as it was desired to identify the overall rate of 
anaerobic activity.  In addition, the composting activity described by the mass balance is 
predominately related to the aerobic degradation of the waste, with the contribution of soil respiration 
considered to be minimal. At this particular landfill, the interim soil cover was composed of relatively 
sterile and coarse material. Furthermore, CO2 uptake by photosynthesis was not addressed in this 
formulation because the interim cover at this landfill site had no to limited vegetation present.  
The described rates (rAD, rOX and rCOM) have been previously estimated in laboratory reactors that 
contained packed beds of waste overlain with soil sourced from the same landfill batter (Rafiee, 
2016). These rates were determined from the measurement of the net fluxes of CH4, CO2, O2 and 
13C-
CO2 with mass balances for each of these four components.  The mass balance equations comprised 
an overdetermined system for the 3 unknowns, rAD, rOX and rCOM.  Therefore, the rates were estimated 
as fitting parameters, optimised by Excel Solver ® with the Generalised Reduction Gradient nonlinear 
algorithm to minimise the Root Mean Square Error, with the constraint that all rates were positive. 
O2 uptake cannot be measured in the field, because drawdown in O2 cannot be measured within static 
chambers.  Instead, balances were developed for the molecular (CH4 and CO2) and isotope species 
(13C-CO2 and 
13C-CH4).  The surface fluxes measured by the static chamber method were assumed 
to be steady over the 15-minute measurement period, implying that the measured gas fluxes reflect 
reaction rates at the time, with negligible mass transfer delays.  Therefore, the steady state condition 
was assumed for the mass balances.  The general mass balance equation is (eq 6-5):   
0 = (𝐽𝑖𝑛,𝑖 − 𝐽𝑜𝑢𝑡,𝑖) + ∑ 𝜁𝑗,𝑖
𝑛
𝑗=1 𝑟𝑗                           (6-5)      
where 𝐽𝑖𝑛,𝑖 is the flux of species i into the fresh lift base of waste [g m
-2 d-1], 𝐽𝑜𝑢𝑡,𝑖 is the flux of 
species i at the surface of the cover [g m-2 d-1] and ∑ 𝜁𝑗,𝑖𝑟𝑗
𝑛
𝑗=1  is the net generation rate of species i as 
a result of n reaction processes, rate [g m-2 d-1] describes the n reactions that species i is either 
produced or consumed in, with 𝜁𝑗,𝑖 referring to the stoichiometric coefficient of species affiliated with 
the specific reaction.  
Reaction rates were expressed in terms of CO2 [g CO2 m
-2d-1] as it is a common to all processes. The 
normalised stoichiometric coefficient Ψ𝑖 can be expressed on a CO2 mass basis (eq 6-6): 
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Ψ𝑖 = [
𝑎𝑖
𝑎𝐶𝑂2
] [
𝑚𝑜𝑙 𝑖
𝑚𝑜𝑙 𝐶𝑂2
] × [
𝑀𝑊𝑖
𝑀𝑊𝐶𝑂2
] [
𝑔 𝑖
44𝑔 𝐶𝑂2
]                (6-6)      
where ai is the original stoichiometric coefficient of species i [mol]; 𝑎𝐶𝑂2 is the original stoichiometric 
coefficient of CO2 [mol]; MWi is the molecular weight of species i [g]; 𝑀𝑊𝐶𝑂2 is the molecular weight 
of CO2 [g]. The normalised stoichiometric coefficient for each of the key components in the aerobic 
and anaerobic reactions are described in (eqs 6-7, 6-8, and 6-9): 
Anaerobic digestion:   Ψ𝑀𝑆𝑊,𝐴𝐷𝐶𝐻𝑥𝑂𝑦
𝑟𝐴𝐷
→ Ψ𝐶𝐻4,𝐴𝐷𝐶𝐻4 + 𝐶𝑂2            (6-7)      
CH4 oxidation:   Ψ𝐶𝐻4,𝑂𝐷𝐶𝐻4 + Ψ𝑂2,𝑂𝐷𝑂2
𝑟𝑂𝑋
→ 𝐶𝑂2 +Ψ𝐻2𝑂,𝑂𝐷𝐻2𝑂           (6-8)      
Composting:    Ψ𝑀𝑆𝑊,𝐶𝑂𝑀𝐶𝐻𝑥𝑂𝑦 + Ψ𝑂2,𝐶𝑂𝑀𝑂2
𝑟𝐶𝑂𝑀
→   𝐶𝑂2 +Ψ𝐻2𝑂,𝐶𝑂𝑀𝐻2𝑂          (6-9)      
For the development of isotope balances, the fractional abundance (F) notation was used (Fry, 2003). 
For example, 13F designates the fractional abundance of 13C = 13C/ (13C + 12C). This can also be 
defined in terms of the δ notation and isotopic ratios (R), as follows (eq 6-10):  
𝐹 = (𝛿 + 1000) ∗
𝑅𝑆𝑇𝐴𝑁𝐷𝐴𝑅𝐷
(𝛿+1000)∗𝑅𝑆𝑇𝐴𝑁𝐷𝐴𝑅𝐷+1000
                        (6-10)      
Carbon isotopic balances (eq 6-11) were developed in a similar way to standard mass balances (eq 6-
5), with isotopic flows in (13Fin, i) and out (
13Fout, i) of the system defined by gas samples collected at 
these points. An additional consideration for each biochemical reaction (rj) is whether there is an 
associated isotopic value (13Freaction) or fractionation factor (𝛼𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛) to account for the consumption 
or production terms.   
    0 = 𝐹𝑖𝑛,𝑖.
13 − 𝐹𝑜𝑢𝑡,𝑖.
13 + ∑ 𝐹𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝜁𝑖,𝑗
𝑛
𝑗=1 𝑟𝑗                                (6-11)      
The flux into the base of the control volume cannot be measured directly.  Conservation of carbon 
flux through the control volume cannot be assumed, as in calculation for CH4 oxidation in soil covers, 
because gaseous carbon is generated from the compositing and anaerobic digestion reactions.  The 
carbon flux at the base of the control volume could be calculated as a complex function of the total 
carbon flux at the base, and the rates of reaction that yield gaseous carbon within the control volume, 
rAD and rCOM.  
Instead, a formulation is proposed which considers that the flux of each component at the base of the 
control volume expressed as a mass fraction X and a total mass flow of landfill gas, JLFG, BASE.   JLFG, 
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BASE becomes an additional variable and a unique solution can be found for rAD, rOX, rCOM and JLFG, 
BASE from the four mass balances. Solutions are considered only when rAD, rOX and rCOM > 0.  The full 
set of equations is: 
[
 
 
 
 
1 1 1 𝑋𝐶𝑂2,𝑤𝑎𝑠𝑡𝑒
−Ψ𝐶𝐻4,𝑂𝐷 0 Ψ𝐶𝐻4,𝐴𝐷 𝑋𝐶𝐻4,𝑤𝑎𝑠𝑡𝑒
𝐹𝑠𝑜𝑙𝑖𝑑𝛼𝐴𝐷𝛼𝑂𝑋 𝐹𝑠𝑜𝑙𝑖𝑑 𝐹𝑠𝑜𝑙𝑖𝑑𝛼𝐴𝐷 𝑋𝐶𝑂2,𝑤𝑎𝑠𝑡𝑒 𝐹𝐶𝑂2, 𝑤𝑎𝑠𝑡𝑒.
13
−𝐹𝑠𝑜𝑙𝑖𝑑𝛼𝐴𝐷𝛼𝑂𝑋Ψ𝐶𝐻4,𝑂𝑋 0 𝐹𝑠𝑜𝑙𝑖𝑑𝛼𝐴𝐷Ψ𝐶𝐻4,𝐴𝐷 𝑋𝐶𝐻4,𝑤𝑎𝑠𝑡𝑒 𝐹𝐶𝐻4, 𝑤𝑎𝑠𝑡𝑒.
13
]
 
 
 
 
∙ [
𝒓𝑶𝑿
𝒓𝑪𝑶𝑴
𝒓𝑨𝑫
𝑱𝑳𝑭𝑮,𝑩𝑨𝑺𝑬
] 
=
[
 
 
 
 
𝐽𝐶𝑂2,𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐽𝐶𝐻4,𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐹𝐶𝑂2, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒.
13 𝐽𝐶𝑂2,𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝐹𝐶𝐻4, 𝑠𝑢𝑟𝑓𝑎𝑐𝑒.
13 𝐽𝐶𝐻4,𝑠𝑢𝑟𝑓𝑎𝑐𝑒]
 
 
 
 
                                                          (6-12)      
where all terms have been previously defined.  
6.2.5 Model application  
The field observations and input parameters required to apply mass balances are summarised in 
Tables 6-1 and 6-2. It is difficult to obtain precise stoichiometries of biochemical processes in a 
dynamic and heterogeneous environment like a landfill. For the reaction stoichiometries of 
composting, anaerobic digestion and CH4 oxidation, averages were adopted from the proof of concept 
laboratory study by Rafiee et al. (2017). The average stoichiometries and Fsolid applied in the model 
are shown in Table 6-2. The mass balance model code developed in MATLAB ® for the application 
to the landfill dataset is provided (Appendix C, Section C.1.1). 
To determine the uncertainty in the calculated rates and test the robustness of the model, a ± 5 % 
perturbation was applied to the all model parameters (reaction stoichiometriesφ𝐶𝐻4,𝑂𝐷, φ𝐶𝐻4,𝐴𝐷 and 
isotopic terms of Fsolid for composting, and fractionation factors αAD and αOX). A uniform distribution 
population for each parameter was generated using SIMLAB® with 500 entries per parameter 
(Appendix C, Section C.1.2). Combinations of perturbated values were chosen randomly, from the 
uniformly distributed populations of each model parameter over the ± 5% range to equally weight 
extreme and mean values.  
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Table 6-1: Field observations & independently determined parameters utilised in mass balance  
Parameter Type Source 
𝑱𝑪𝑯𝟒,𝒔𝒖𝒓𝒇𝒂𝒄𝒆  Gas flux of CH4 at the surface Chamber 
a 
𝑱𝑪𝑶𝟐,𝒔𝒖𝒓𝒇𝒂𝒄𝒆  Gas flux of CO2 at the surface Chamber 
a 
𝑿𝑪𝑯𝟒,𝒘𝒂𝒔𝒕𝒆   Gas composition CH4 at lift base Probe 
a  
𝑿𝑪𝑶𝟐,𝒘𝒂𝒔𝒕𝒆  Gas composition CO2 at lift base Probe 
a 
𝑭𝑪𝑯𝟒, 𝒘𝒂𝒔𝒕𝒆.
𝟏𝟑   Carbon isotope CH4 at lift base Probe a 
𝑭𝑪𝑶𝟐, 𝒘𝒂𝒔𝒕𝒆.
𝟏𝟑   Carbon isotope CO2 at lift base Probe a 
𝑭𝑪𝑯𝟒, 𝒔𝒖𝒓𝒇𝒂𝒄𝒆.
𝟏𝟑   Carbon isotope CH4 at surface Chamber a  
𝑭𝑪𝑶𝟐, 𝒔𝒖𝒓𝒇𝒂𝒄𝒆.
𝟏𝟑   Carbon isotope CO2 at surface Chamber a 
αOX Fractionation factor: CH4 oxidation Soil temperature 
b  
αAD Fractionation factor: digestion Probe 
c 
a obtained by gas sampling; b defined by clay-temperature regression equation (eq 6-3) c defined by apparent fractionation 
factor equation (eq 6-4) for carbon based on spear 4 data  
Table 6-2:  Average values of stoichiometric parameters applied in the mass balance model  
Parameter Type Source Value 
𝛗𝑪𝑯𝟒,𝑶𝑫  Coefficient CH4:  CH4 oxidation Reactor 
a  0.970 
𝛗𝑪𝑯𝟒,𝑨𝑫  Coefficient CH4: digestion Reactor 
a   0.461 
Fsolid Composting of batter MSW Batch 
b 0.01084  
a Based on Rafiee (2016); b Based on Rafiee et al. (2017).   
6.3 Results and Discussion: 
6.3.1 Differentiation of activity types based on isotopic data 
Table 6-3 summarises the evolution of molecular and isotopic gas compositions at the soil surface 
and at the deepest spear in the waste, (i.e. 1.84 m and 1.57 m depth from the top of the waste layer at 
site 1 and site 5, respectively). Compositional data from gas probes were corrected by the dilution 
factors from short-circuiting testing as described in Chapter 3, Section 3.3.2. Overall, the impact of 
short-circuiting, ranged from 1-15%, which was accounted for in analyses. Given the packing density 
of the waste at the facility, settlement of the waste mass was anticipated to be minimal and as such 
the conditions of the soil gas probes were not expected to deteriorate in the remainder of the 
experimental study.  
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The predominant reactions within the control volume can be interpreted directly from the data in 
Table 6-3. The compositional gas trends within the waste at both sampling sites are similar The 
isotopic abundance varied between approximately -55.4‰  to -59.5‰ (13δC-CH4) and -279‰ to -
306‰ (2δH-CH4), which is comparable to expected ranges for deep landfill environments (Hackley 
et al., 1996, Chanton et al., 2005). This seems to indicate that anaerobic digestion was the predominant 
activity within the waste zone of the control volume (Whiticar et al., 1986, Whiticar, 1999). For static 
chamber samples obtained at the soil surface, the molecular composition had relatively equal CH4 
and CO2 volume fractions. The emitted value of δ13C-CH4 varied by less than 15% at both sites which 
would imply constant fractionation associated with anaerobic digestion (Chanton et al., 2007).  
The 13δC-CO2 values at both monitored sites revealed some additional information about processes 
within the control volume. The emitted δ13C-CO2 values from the soil surface evolved from -1.1 ‰ 
to +12.0 ‰, while δ13C-CO2 values from the waste layer remained within a narrower range, i.e. 
between 15.1 and 18.2 ‰ across the two sites and over all sampling events.  These isotopic shifts are 
consistent with results reported by Baedecker and Back (1979) and Hackley et al. (1996), who found 
that δ13C-CO2 values for young (<1 – 2 years), intermediate (2 – 7 years) and mature (7 – 12 years) 
landfill cells ranged from -5.1 ‰ to +12.4 ‰, +15‰, and +16 ‰ to +12.4 ‰, respectively.  It was 
expected that that the δ13C-CO2 signature for freshly landfilled waste would reflect values ranging 
from -10 ‰ to -30 ‰, which are typical of terrestrial plants (O'Leary, 1981, Corbett et al., 2013). 
Once methanogenesis is well established, constant input of isotopically heavy 13C-CO2 causes an 
increase the δ13C-CO2 signature from the initial values that are representative of composting alone 
(Hackley et al., 1996). The increase with time in δ13C-CO2 values suggests that there is a 
diminishment in the proportion of aerobic activity and an establishment of anaerobic digestion. A 
further discussion of the stable isotope composition trends is outlined in Chapter 5.  
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Table 6-3:  Gas composition at the soil surface and within the waste* 
Campaign Layer Site 1 Site 5 
CO2 
[%] 
CH4 
[%] 
δ13C-
CO2 
[‰] 
δ13C-
CH4 
[‰] 
δ2H-
CH4 
[‰] 
CO2 
[%] 
CH4 
[%] 
δ13C-
CO2 
[‰] 
δ13C-
CH4 
[‰] 
δ2H-
CH4 
[‰] 
Jan’15 Surface 0.32 0.33 6.3 -54.5 n.d 0.37 0.41 -0.5 -49.7 n.d 
 Waste 13.4 34.0 n.d n.d n.d 25.9 38.3 16.6 -55.4 n.d 
Sept’15 Surface 0.41 0.45 0.7 -59.0 n.d 0.15 0.12 -1.1 -67.4 n.d 
 Waste 33.9 50.2 15.1 -59.4 -305 34.5 50.4 18.2 -59.3 -282 
May’16 Surface 0.29 0.39 4.3 -55.2 n.d 0.24 0.32 9.7 -57.0 n.d 
 Waste 31.8 47.4 16.5 -59.5 -306 34.2 48.0 17.6 -59.1 -283 
June’16 Surface 0.20 0.15 9.1 -54.0 n.d 0.23 0.22 12.0 -55.2 n.d 
 Waste 34.5 52.9 16.8 -59.5 -305 35.2 50.3 17.0 -59.0 -279 
*measurement of gas concentrations from the waste layer are average values of three replicates from spear 4 depth; surface 
measurements are average values of duplicates for static chamber experiments; depth 0m = surface of landfill. O2 gas 
composition and precision indicated in Appendix C, Section C.1.4, CO2 and CH4 gas composition and precision presented 
in Appendix C, Section C.3; stable isotope composition for field trial is assessed further in Chapter 5, with precision for 
δ13C ±-0.3‰, δ2H±-3‰ at 1 standard deviation. 
6.3.2 Evolution of surface gas fluxes  
The CH4 and CO2 flux trends at sites 1 and 5 are summarised in Table 6-4.  All CH4 gas fluxes, with 
the exception of the June’16 measurement at site 1, can be classified as high level, i.e. fluxes >25 g 
CH4 m
-2d-1, based on the classification system proposed by Abichou et al. (2006a).  The CO2 fluxes 
are generally close to or greater than 100 g CO2 m
-2 d-1 during the monitoring period. These 
persistently high levels of CO2 gas flux could be indicative of aerobic behaviour within the waste 
mass. In particular, the CO2 gas flux observed in Jan ’15 (221 g CO2 m-2 d-1) is characteristic of 
windrow composting facilities (250 – 2900 g CO2 m-2 d-1;(Andersen, 2010)).  The only other study 
that has monitored the evolution of gas composition from a freshly placed waste layer was performed 
by Bogner et al. (2011), who suggested that the CO2 fluxes observed from soil covered fresh waste 
(50 - 250 g CO2 m
-2 d-1) was indicative of aerobic respiration activity within the waste layer. Flux 
data from additional monitoring events are attached in Appendix C, Section C.3.2.  
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Table 6-4:  Summary of gas fluxes at primary locations for model 
Campaign Site 1 Site 5 
CH4 Flux 
[g CH4 m-2 d-1] 
CO2 Flux 
[g CO2 m-2 d-1] 
CH4 Flux 
[g CH4 m-2 d-1] 
CO2 Flux 
[g CO2 m-2 d-1] 
Jan’15 n/a n/a 90 ± 20 221 ± 49 
Sept’15 47 ± 6 158 ± 11 30 ± 2 79 ± 60 
May’16 54 ± 1 143 ± 39 79 ± 58 162 ± 99 
June’16 12 ± 2 91 ± 44 93 ± 21 186 ± 40 
Note: ± denotes the 95% confidence interval based on non-zero flux hypothesis test designed by Barlaz et al. (2004).  
6.3.3 Isotope fractionation factors based on heuristics from field data 
The fractionation factors for CH4 oxidation and anaerobic digestion, OX and AD are listed in Table 
5. Values of OX were calculated using eq 6-3, which is a function of temperature only.  OX for Jan 
’15 was significantly lower than other values, due to the much higher temperature prevailing in Jan 
’15 (31.0 °C). For the process of anaerobic digestion, calculation of the Whiticar (1999) apparent 
carbon fractionation factor (αAD), expressed in eq 6-4, revealed that, at site 1 and 5, the dominant 
methanogenesis pathway was CO2 reduction (hydrogenotrophic), rather than acetoclastic 
methanogenesis as αAD > 1.065.  
Table 6-5:  Fractionation factors used in the mass balance model 
Campaign Site 1 Site 5 
T [°C] αOX αAD T [°C] αOX αAD 
Jan’15 n.d. n.d. n.d. 31.0 1.029 1.076 
Sept’15 25.7 1.031 1.078 21.5 1.033 1.082 
May’16 26.1 1.031 1.082 25.8 1.031 1.065 
June’16 23.8 1.032 1.081 23.7 1.032 1.081 
6.3.4 Model application to uppermost layer of waste  
Figure 6.3 presents the distribution of solutions for rAD, rOX and rCOM for sites 1 and 5, from 4-18 
months after waste placement. The rates are expressed in terms of CO2 production [g CO2 m
-2 d-1]. 
Outliers (indicated by the symbol ‘+’ in Figure 6-3) were defined as lying outside of ±2.698σ of the 
overall mean value for each rate, for the 500 simulations.  The summary statistics for rOX, rCOM, rAD 
and JLFG, BASE are shown in Tables 6-6, 6-7 and 6-8. The results in Figure 6-3, Tables 6-6 and 6-7 
clearly indicate that CH4 oxidation (rOX), whose average rates ranged from 1.6 to 8.6 g CO2 m
-2 d-1, 
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was the least important of the three reactive processes. rAD spanned averages from 10.6 to 45.3 g CO2 
m-2 d-1 at site 5 and is less pronounced at site 1.  The lower level of rAD behaviour in site 1 was 
anticipated, since site 1 is located close to the crest of the landfilled slope, where it is more likely that 
desiccation cracks provided a pathway for O2 migration into the waste mass, therefore sustain aerobic 
activity. 
It is difficult to make comparisons with CH4 oxidation efficiencies determined in landfill cover 
systems, as this depends on the CH4 load entering the cover, the age of the waste lift and the 
geophysical characteristics of the cover. The rOX values predicted by the mass balance technique can 
be expressed in units of CH4 consumption (g CH4 m
-2d-1), by using the average stoichiometric ratio, 
Ψ𝐶𝐻4,𝑂𝐷. This results in a CH4 consumption rate at site 1 and 5 spanning from 0 – 4.7 g CH4 m
-2d-1. 
It is encouraging that the CH4 oxidation rates predicted by the mass balance are similar to those found 
by Einola et al. (2007) (2.7- 4.8 g CH4 m
-2d-1) for a bio-cover with peat and sludge compost (40:60 
v/v%) submitted to low biogas loads of 0.7 – 2.7 g CH4 m-2d-1. The CH4 load to the base of the control 
volumes were estimated from the predicted inlet gas flux average (JLFG, BASE) and the measured gas 
composition at the base of the waste lift (Table 6-3). The CH4 loads for sites 1 and 5 ranged from 31 
to 98 g CH4 m
-2d-1, which spans the typical and upper limits of flux from North American landfills 
(Bogner et al., 2011). Since the mass balance method was applied to the shallowest layer of waste on 
a batter, it is understandable that the oxidation capacity of the system is poor (0-40%) when rOX is 
evaluated against the CH4 load.     
For both sites, the mass balance indicated that the aerobic activity diminished towards the end of the 
trial, with rAD becoming a more dominant process. rCOM had a unique trend at each location. At site 
1, composting was more pronounced towards the middle of the monitoring period (between Sept’15 
and May’16), and peaked with a mean of 27.1 g CO2 m-2 d-1 17 months after waste placement 
(May’16). There was a rapid decrease in rCOM during the last monitoring month (June’16), with the 
average composting rate decreasing to 8.1 g CO2 m
-2 d-1. At site 5, rCOM had a maximum average of 
44.5 g CO2 m
-2 d-1, 4 months after waste placement (Jan’ 15) and decreases exponentially with time, 
levelling off at 1.3 g CO2 m
-2 d-1 from May’ 16. This is consistent with the source of O2 being 
dominated by air that was entrained with the waste at placement.  The residual level of rCOM after 
May ’16 could be indicative of composting as the result of ongoing O2 migration through the soil 
cover into the waste layer.  
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The output from the mass balance model at site 1 and site 5 would appear to suggest that composting 
organisms could be outcompeting methanotrophs for the available O2 supply in shallow landfilled 
waste. However, an additional aspect to consider is whether the environmental and physical 
conditions of the cover soil would induce a stronger effect and limit the favourability of growth for 
methanotrophs. For this particular landfill, there was ongoing exposure to sub-tropical climate 
extremes (the first 4 months after waste placement heatwave conditions up to 40°C were observed), 
with run-off and scouring effects experienced during major storm events over this time period. 
Furthermore, the relative thinness and age of the interim cover, would have contributed to the poor 
capacity for CH4 oxidation behaviour (as discussed in Chapter 4). It is evident that further assessment 
is required to determine to what extent that composting limits methanotrophy in shallow waste 
environments, as CH4 oxidation has been utilised as a landfill gas emissions management tool 
worldwide.  
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Figure 6-3: Distribution of rOX, rCOM and rAD predicted by the mass balance method for (a) Site 1 and (b) Site 5. No data was collected for Site 1 in January 2015. Outliers indicated by “+’ defined by the ±2.698σ constraint. 
113 
 
Table 6-6:  Summary of rOX, rCOM and rAD values calculated for Site 1  
Month Mean Rate ± Uncertainty [g CO2 m-2 d-1] Number of valid solutions 
rOX ± rCOM ± rAD ± 
Sept'15 4.6 0.6 20.6 1.6 20.9 2.8 139 
May'16 7.2 0.5 27.1 1.3 20.0 1.4 302 
June'16 2.1 0.3 8.1 0.8 15.0 1.3 99 
Table 6-7:  Summary of rOX, rCOM and rAD values calculated for Site 5  
Month Mean Rate ± Uncertainty [g CO2 m-2 d-1] Number of valid solutions 
rOX ± rCOM ± rAD ± 
Jan'15 8.6 1.0 44.5 2.4 41.9 3.5 170 
Sept'15 5.9 0.3 9.8 0.7 10.6 1.4 145 
May'16 1.8 0.3 1.3 0.8 18.0 5.0 5 
June'16 1.6 0.4 3.1 1.2 45.3 30.3 18 
The predicted JLFG, BASE values are all positive (Appendix C, Section C.2.1), which is anticipated as 
the pre-existing waste lifts would likely be contributing a gas production flux of CO2 and CH4 from 
anaerobic digestion. Site 1 appears to have consistent average JLFG, BASE values, with site 5 observing 
no clear trends in behaviour. The number of solutions that were retained towards the end of the 
analysis declined because rOX and rCOM became relatively small compared to rAD, leading to a high 
proportion of solutions to the mass balances that violate the constraint of rAD, rOX and rCOM > 0. 
Furthermore, the actual reactions occurring in the waste and soil, are likely to vary from the assumed 
stoichiometry. This effect will be more pronounced for composting and anaerobic digestion where 
the amount of O2 consumed in composting (de Bertoldi et al., 1983b) and the production ratio of 
CH4/CO2 in anaerobic digestion will be different for fats, carbohydrates and protein (Mata-Alvarez 
et al., 2000). 
Table 6-8:  Summary of JLFG, BASE average values calculated for Site 1 and 5   
Month Mean Flow ± Uncertainty [g LFG m-2 d-1] 
Site 1 Site 5 
Jan'15 n.d 446 ± 6 
Sept'15 182 ± 4 105 ± 2 
May'16 185 ± 2 269 ± 2 
June'16 126 ± 2 286 ± 3 
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6.3.5 Supporting evidence of ongoing aerobic activity at field site   
 Despite the differences in location on the sloped landfill cell profile or heterogeneous waste 
composition, the mass balance calculations presented herein revealed that aerobic activity forms a 
large proportion of early phase activity (4-18 months) in the uppermost layer of waste at this landfill 
site.  It is particularly noteworthy that the results in Figure 6-3 clearly indicate that anaerobic activity 
can occur simultaneously with aerobic reactions, such as CH4 oxidation and composting and that 
these processes continue to co-exist for an extended period. For site 5, a comparable magnitude of 
rCOM and rAD is present for the first 12 months to (Sept’15). The average values for rCOM and rAD for 
site 1 suggest that composting and anaerobic digestion are ongoing at similar rates 18 months after 
waste placement. This ongoing level of aerobic activity within the waste layer may reflect the 
difficulty of compacting soil covers on landfill slopes.   
The mass balance methodology that was formulated included the molecular and isotopic 
characteristics of CH4 and CO2. In order to assess the plausibility of the findings from the application 
of this method, a comparison against O2 compositional information through the waste and soil profile 
was performed and included both static and dynamic monitoring efforts. Despite a strong indication 
of anaerobic digestion from surface monitoring and biogas ratios (see Appendix C, Section C.3.1), 
there is a significant presence of O2 detected within the waste. For Site 5 and 1, at 4 months after 
waste placement and persisting at 12 months, O2 was observed at 5.0-8.0 v/v% O2 as indicated in 
Appendix C, Figure C-1 and C-2. After 12 months, this level decreases with Site 5 going down to 
0.45 v/v% and Site 1 sitting at 1 v/v% after 18 months. It is suggested that Site 1 has a higher presence 
of O2 due to its location close to the batter crest. At this point on the slope, it is more likely for tension 
cracking to occur, which would provide a mechanism for O2 ingress.  
For Sites 2, 3 and 4, O2 concentrations were observed across a lower range from 0.4 to 5.5 v/v% (see 
Appendix C, Table C-1). Initially, all three locations exhibited O2 levels close to 5.0 v/v% and each 
declined towards the end of monitoring. There were issues with obtaining samples from Site 3, with 
regular clogging of the spear tip; this would be observed with strong resistance preventing any 
purging or sampling from this location. In most cases, the ratio of the O2/N2 is less than the ratio of 
air (O2/N2, air = 0.2658) indicating either migration or consumption of O2 at these points. This 
highlights that there is evidence of aerobic activity utilising the O2 supply, but does not indicate what 
type of mechanisms are occurring within the waste mass. 
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For the last two months of monitoring, the trends in O2 were examined dynamically via the PreSens® 
O2 system, with full distribution presented in Appendix C, Section C.1.5 as Figure C-3 and Figure C-
4. This online monitoring system was deployed at Site 1 and 5 in different phases, given the 
limitations in the distances between monitoring locations and the availability of one dynamic data 
logging channel. These deployments were designed to coincide with isotopic campaigns at each of 
the sites, and provide information about the O2 dynamics in the weeks preceding the snapshot 
measurements.  
Figure C-4 presents the first deployment at site 5 spanning 14-Apr-2016 to 05-May-2016, these 
results show a heat map of O2 volume compositions of 0.4-0.6 (v/v% O2) and these appeared to 
stabilise during this period. In contrast, Figure C-3 shows the second deployment at site 1 across 05-
May-2016 to 30-May-2016, this heat map indicated fluctuations in O2 compositions across a wider 
range from 0.53 – 1.50 (v/v% O2). In both cases (Figure C-3 and Figure C-4), there appears to be a 
diurnal cycle observed in O2 changes, with peaks in concentrations occurring in the middle of the 
day.  A critical commentary between O2 levels, seasonal weather dynamics and the response time of 
the landfill environment is limited, as there are no local independent measures due to the failure of 
the weather station at the facility midway through the trial.  Given this evidence of supply of O2 into 
the shallow waste, it is plausible that ongoing composting could occur in parallel with anaerobic 
digestion, for a sustained period (>18 months).    
6.3.6 Update of model with fractionation factors derived in Chapters 4 and 5 
The fractionation factors for CH4 oxidation (𝛼𝑂𝑋) and anaerobic digestion (𝛼𝐴𝐷), were initially 
defined by the heuristics described in Section 6.2.3. In Chapters 4 and 5, these parameters were 
derived for the site through companion laboratory experiments. For CH4 oxidation, four soil cores 
were split into two depth ranges and incubated, with the revised value derived from the average 
obtained for each location with 𝛼𝑂𝑋=1.023, 1.025 for Site 1 and 5 respectively. Whilst for anaerobic 
digestion, MSW was sourced from the working face and digested in a packed bed reactor for 14 
weeks. The updated value was based on Day 98 of operation and was 𝛼𝐴𝐷=1.045. This was considered 
comparable to the range expected for young landfilled waste (see Chapter 5 for further discussion on 
the suitability of this value).   
In addition, one of the key issues raised in Chapter 5 was the concept of accurately characterising the 
isotopic behaviour of the biogas production pathways in the uppermost layer of waste in a landfill 
setting. This was achieved by three different aspects in the mass balance approach by: (1) biogas 
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collected at the interface between the old and new waste layer (Spear 4) were measured for stable 
isotopes (13C-CH4, 
13C-CO2 and 
2H-CH4) to ascertain what was entering the boundary of the waste 
lift; (2) it is not physically possible to measure the flux of gas entering the bottom of the new waste 
layer, so this parameter was incorporated as an element to be determined in the model; (3) the 
fractionation factor for anaerobic digestion was determined in two different cases of the literature 
heuristic applied to field sample collected and the updated value from biogas produced in the 
laboratory reactor study. 
The mass balance was revised with these parameters and the results summarised in Table 6-9 and 6-
10, for the full distribution refer to Appendix C, Section C.2.2 and C.2.3. 
Table 6-9:  Updated rOX, rCOM and rAD values calculated for Site 1  
Month Mean Rate ± Uncertainty [g CO2 m-2 d-1] Number of valid solutions 
rOX ± rCOM ± rAD ± 
Sept'15 4.4 0.8 19.5 1.8 14.0 2.4 96 
May'16 7.9 0.7 25.4 1.8 24.0 3.4 188 
June'16 2.3 0.3 7.7 0.8 14.2 1.2 82 
Table 6-10:  Updated rOX, rCOM and rAD values calculated for Site 5  
Month Mean Rate ± Uncertainty [g CO2 m-2 d-1] Number of valid solutions 
rOX ± rCOM ± rAD ± 
Jan'15 11.1 1.1 38.4 3.1 47.3 7.3 170 
Sept'15 6.6 0.3 8.2 1.3 11.1 1.8 147 
May'16 1.1 0.5 3.0 4.2 17.0 0.6 6 
June'16 1.3 0.3 3.0 12.5 30.2 0.8 18 
 
An assessment of similarity was performed using a two-sample t-test with unequal variance to 
determine whether there was a difference in the distribution of solutions generated from the literature 
heuristics and the fractionation factors derived in this thesis (Appendix C.2.4). In some cases, the 
distributions were considered significantly different. However, when the order of magnitudes of the 
rates are examined against Table 6-6 and 6-7, they are within the same range and the overall patterns 
in behaviour are similar. This result was expected as the revised fractionation factors fall within the 
distribution that was modelled from the literature heuristics with the sensitivity analysis. Furthermore, 
this highlights the strengths of an integrated approach with molecular and isotope balances accurately 
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identifying the mechanisms occurring in an environment system. For classifying processes with stable 
isotopes as the only analytical tool, care needs to be exercised to account for operational and physical 
configurations of systems.  
6.3.7 Implications of aerobic activity levels in emissions reporting   
The contribution of composting and anaerobic digestion to the degradation of the shallow waste can 
be converted to a chemical oxygen demand (COD) basis rather than CO2 basis (g CO2 m
-2 d-1) as 
indicated in Table 6-11 and 6-12 below.  
Table 6-11:  Composting and anaerobic digestion degradation of waste for Site 1  
Month Time since waste placement Mean Rate of O2 Consumption 
[g COD m-2 d-1] 
Percentage of waste 
degraded by  [%] 
 rOX rCOM rAD COM AD 
Sept’15 12 months 17.8 15.0 38.6 28.0 72.0 
May’16 20 months 27.9 19.7 36.9 34.8 65.2 
June’16 21 months 8.1 5.9 27.7 17.6 82.4 
Table 6-12:  Composting and anaerobic digestion degradation of waste for Site 5 
Month Time since waste placement Mean Rate of O2 Consumption 
[g COD m-2 d-1] 
Percentage of waste 
degraded by  [%] 
 rOX rCOM rAD COM AD 
Jan’15 4 months 33.4 32.4 77.3 29.5 70.5 
Sept’15 12 months 22.9 7.1 19.6 26.7 73.3 
May’16 20 months 7.0 0.9 33.2 2.8 97.2 
June’16 21 months 6.2 2.3 83.6 2.6 97.4 
For example, with anaerobic digestion, the conversion is achieved by multiplying the degradation 
rate (g CO2 m
-2 d-1) by the stoichiometric coefficient Ψ𝐶𝐻4,𝐴𝐷 and COD of CH4 (4.0 g COD g CH4 
-1). 
Expressing rCOM on a COD basis requires the stoichiometric relationship between O2 consumption 
and CO2 production in the composting reaction.  For the purposes of these calculations, it is assumed 
the degradable organic waste has the composition of cellulose.  It is evident that in the first 12 months 
after waste placement composting comprises approximately 30% of waste degradation and gasified 
COD conversion, with this value declining for the last two sampling rounds. These percentages are 
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indicative of the activity observed at the time of sampling, rather than a cumulative degradation 
percentage.  
The mass balance model has indicated for site 1 and 5 that rCOM was of a similar rate to rAD on the 
basis of CO2 production for at least the first year after waste placement, equivalent to approximately 
25% of the COD depletion being attributable to composting over the same period. Interestingly, Site 
1 (crest of batter) observed further composting at 20 and 21 months snapshots after waste deposition 
at 34.8% and 17.6% respectively. Whilst, Site 5 (middle region) decreased in aerobic performance 
with composting declining to 2.6 – 2.8% for this same period. This is contrary to the conceptualisation 
of early age (1-2 years) landfill behaviour formulated in the IPCC model (IPCC, 2006) and landfill 
gas generation models like LANDGEM (Thorneloe et al., 1999)  where composting is either 
neglected or only considered as a rapid short term process during the first stage of landfill degradation. 
This study highlights that CH4 oxidation, composting and anaerobic digestion are significant in newly 
developed waste lifts.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS 
 
 
7.1 Project Objectives 
The rationale that underlies this research project is that an improved understanding of aerobic 
behaviour in landfills is required, to contribute towards more accurate landfill gas emissions reporting 
and predictive modelling efforts. The primary objective of this thesis is to provide a realistic estimate 
of simultaneous in-situ aerobic (CH4 oxidation and composting) and anaerobic processes in a landfill 
through field studies. This was investigated at the Swanbank landfill, with an 18-month field trial on 
a fresh lift of waste placed in a landfill batter.  
The literature review presented in Chapter 2, provided insight into the overlapping fields of landfill 
engineering and stable isotope analysis and how these two areas could be utilised to develop a 
technique to assess multiple processes in an operational setting. It was hypothesised that the rate and 
extent of anaerobic digestion, CH4 oxidation and composting within the soil cover and the fresh waste 
immediately below the cover could be determined by the combination of stable isotope and mass 
balances for carbon species (CH4 and CO2).  
This was readily obtained from surface flux measurements and sampling of gas and isotope 
composition through the soil and waste profile to a nominated depth in the field environment. When 
utilising stable isotopes for environmental and biochemical tracing, it is necessary to identify to what 
extent degradation processes preferentially consume light or heavy isotopes. For the landfill case, 
companion laboratory work was required to characterise (1) CH4 oxidation fractionation factor (αOX) 
for the landfill cover, (2) anaerobic digestion fractionation factor (αAD) for the waste, and (3) the 
composting signature of landfill cover and waste (δCOM). Each of the subsequent chapters presented 
in this thesis highlighted the overall framework that was developed to address each of the key research 
questions developed in the planning stages of this project. Those questions were: 
 Research Question 1: Does O2 penetrate long term into shallow waste? What is the extent of 
O2 consumption? 
 Research Question 2: What is the extent and proportion of anaerobic digestion, composting 
and CH4 oxidation in a fresh layer of waste? 
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 Research Question 3: What are the isotopic fractionation factors of anaerobic digestion and 
CH4 oxidation in soil and waste layers? 
 
The conclusions from the field trial and supporting laboratory based experiments are outlined, along 
with recommendations for future research areas and directions.  
7.2 Project Outcomes 
7.2.1 Conclusions on RQ 1:  There is evidence of ongoing O2 migration in landfill trial  
From the first mass balance round of monitoring in January 2015, 4 months after waste placement, 
O2 was observed at 5.0-8.0 v/v% O2 which was considerably more than expected, where it was 
anticipated that all entrained O2 would have been completely consumed. The long-term monitoring 
of this parameter across 18-months revealed that ongoing O2 ingress was occurring as evident by 
daily rises and falls in O2 concentration at the top of the waste layer at the surveyed site. This 
highlighted that aerobic activity could be sustained for a longer duration than previously thought 
within shallow waste layers and answered RQ1. 
In terms of directly measuring the extent of O2 consumption, this is complicated by the difficulty in 
measuring O2 fluxes at the surface of the landfill cover. An alternative method was used, by 
converting the calculated composting, CH4 oxidation and anaerobic digestion rates, all expressed as 
g CO2 m
-2 d-1, to a basis of chemical oxygen demand (COD). This could be extended to a generalised 
term that reflects the true proportion of waste that composts in a landfill, as required in the IPCC 
model, if the amount of waste contained within the control volume is known, the system trends are 
monitored extensively and different landfill cell configurations (slopes, flat benches, cover types) are 
assessed.  The analysis showed the rate of the aerobic processes account for up to 48.7%.of the 
gasified COD conversion 12 months after waste placement at Site 5, with this declining to 6.0% at 
18 months. Whilst at Site 1 aerobic processes persisted throughout monitoring at levels above 30.0% 
of the gasified COD conversion. This was thought to be facilitated by tension cracking at the crest of 
the landfill batter at Site 1.  
7.2.2 Conclusions on RQ 2:  Mass balance model applied to landfill field data identified 
significant aerobic degradation in shallow waste  
The development of the mass balance methodology evolved over the course of the thesis. It was 
originally proposed to perform the mass balance on six components including: O2, CO2, CH4, δ13C-
121 
 
CO2, δ13C-CH4 and δ2H-CH4. However, from early investigations with the static chambers, it was 
discovered that δ2H-CH4 could not be distinctly measured due to detection limits. A screening test 
using a flushed chamber approach with helium was attempted, but was found to not resolve the issues. 
This highlighted that it was a physical limitation of the concentrations of gases emitting at the surface 
rather than the experimental approach.   
The formulated mass balance methodology (CO2, CH4, δ13C-CO2, δ13C-CH4) was successfully 
applied to the four campaigns at the landfill for Site 1 and 5. This technique revealed for RQ2:  
 Anaerobic and aerobic activity were observed simultaneously in a lift of waste for 18 months 
after placement of the interim cover. 
 Composting, digestion and CH4 oxidation rates were measured in the top 1.6 m of two soil 
capped landfill profiles. 
 Composting accounts for 30% of waste degradation at 4 and 12 months after waste placement. 
 Results suggest that composting organisms could be outcompeting methanotrophs for the 
available O2 supply in shallow landfilled waste; however, an additional aspect to consider is 
whether the environmental and physical conditions of the cover soil would induce a stronger 
effect and limit the favourability of growth for methanotrophs 
 Carbon mass balance is improved with stable isotopes (δ13C-CO2, δ13C-CH4). 
This study highlights that CH4 oxidation, composting and anaerobic digestion are significant in newly 
developed waste lifts. 
7.2.3 Conclusions on RQ3:  Isotopic fractionation factors during the early phase degradation 
of landfilled waste were characterised. 
For the application of the mass balance technique, the derivation of isotopic parameters was required 
for both the landfill soil cover and shallow waste as follows.  
7.2.3.1 Landfill Soil Cover 
It was decided that the landfill soil covers could be readily incubated for CH4 oxidation analysis in a 
batch assay, as this is an established method utilised in landfill literature. When discussing the nature 
of the cover with the operator, it was revealed that soil stockpiles on-site were mixed with biosolids 
from local wastewater treatment plants and utilised for cover materials. It was anticipated that if a 
sufficient content of organic carbon was present, that some composting activity could occur for the 
intermediate cover on the landfill batter. This experiment then evolved and included an additional 
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objective of partitioning the competition of aerobic processes for the available O2 supply using a δ13C-
CO2 isotope mixing model.  
The fractionation factor for methane oxidation, αOX across the depths and locations at 29.6 °C ranged 
from 1.015 to 1.028. This behaviour was found to be similar to other landfill soils for German and 
United States climatic zones. The composting signature of the soil, investigated as the signature of 
produced 13C-CO2, was found to range between -16.8 to -36.6‰, which is comparable to the range 
for organic carbon of C3 and C4 plants. These values were utilised to apply the mass balance proposed 
in RQ2.  
The δ13C-CO2 isotope mixing model successfully partitioned composting and CH4 oxidation in the 
landfill cover soil. The proportion of composting activity to CH4 oxidation was identified to be 
different in each region of the soil cores assessed. For the landfill analysed in this thesis, composting 
was found to account for at least 30% of the aerobic activity in the soil cover. 
7.2.3.2 Shallow landfilled waste  
Fractionation factors for methanogenesis are developed using stable carbon and hydrogen isotopes 
from in-situ biogas and leachate. There is complexity in determining these in a landfill due to the 
operational practices of landfilling; (1) waste is heterogeneous and there is high spatial variability 
within a landfill; (2) leachate is recirculated from different regions to assist with degradation; and (3) 
new waste lifts are layered in contact with existing cells, with mature gas migrating towards the 
surface through fresher waste and towards gas infrastructure lines.   
To accurately define fractionation factors for the early phase anaerobic digestion of landfilled waste, 
a landfill environment was simulated in a 200 L batch reactor with 40 kg of waste to simulate a fresh 
lift.  Isotopic measurements of biogas (δ13C-CH4, δ13C-CO2, δ2H-CH4, δ2H-H2), leachate generation 
(δ2H-H2O, δ18O-H2O) were supplemented with monitoring of operational parameters over a 14-week 
period. Both carbon and hydrogen isotope systems indicated the acetoclastic pathway dominating 
methanogenesis, with a trend tapering towards a mixture of acetoclastic and hydrogenotrophic 
pathways by day 98 (αC =1.035 - 1.045 and αH =2.095 – 1.537). A discrepancy was identified for αC 
between this study and the field measured values for the same degradation time frame of 4 months 
(field value αC = 1.076). This was proposed to be due the mixing of gases coming from underlying 
mature waste layers and the fresh waste layer.  The revised values determined in the laboratory 
experiment were utilised in the mass balance proposed in RQ2. These findings highlight that landfill 
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anaerobic digestion fractionation factor limits need to be quantified for each waste layer in an isolated 
fashion. 
7.3 Recommendations for future research 
7.3.1 Investigation conducted on different landfill landforms  
A future consideration to assess the application of the mass balance technique and the evolution of 
O2 behaviour is the analysis of different landfill landforms. This study investigated a landfill batter 
(sloped face) due to the operational constraints of the surveyed landfill. To conduct a field study on 
a landfill bench (flat area) or working face of the landfill, requires a rapid, short-term exploration of 
2-4 weeks.  
It is pertinent to consider different landforms because landfill batters are areas which have rapid 
movement of gas and the geometry is considered to assist with lateral movement of landfill gas. This 
will identify whether O2 levels observed were a function of the landfill batter and whether it is 
possible for aerobic behaviour to persist in other landfill regions, as this would have significant 
implications for the overall CH4 potential of the facility.  
7.3.2 Investigation with different age landfill cells and cover levels 
A further point to address with the application of the method is to analyse the combination of different 
age landfill cells and cover types. A longer duration of monitoring representative of the operational 
period between filling landfill layers in a major landfill stage is required for practicality. This will 
reveal which regions and cover materials are more susceptible to O2 ingress and assist with 
management practices.  
7.3.3 Investigation with influence of gas infrastructure systems 
One of the original research questions was formulated around the interaction between landfill gas 
infrastructure and aerobic activity. This question was abandoned, as the management of the gas 
infrastructure was conducted by an external third party that did not wish to disclose this propriety 
information.  This area has practical implications that should be readily assessed in future work. 
7.3.4 Investigation with influence of operational practices and climate 
With the use of one field location to investigate these questions, it is evident that the outcomes 
presented are a function of the site surveyed. It is essential that this work be conducted at additional 
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sites, as operational practices vary at facilities and this could also attempt to capture any unique 
climatic variations that may make landfill sites more susceptible to aerobic activity.   
7.3.5 Increase dynamic monitoring of components  
It is evident that the dynamic monitoring of as many components as practically possible would 
improve the resolution of the picture predicted by the model.  Given budgetary constraints, to gain 
more added value it is suggested to prioritise O2 level, to target locations that are susceptible to aerobic 
activity in order to implement selective probing for mass balance analysis. The most significant cost 
throughout the monitoring is incurred through the use of stable isotopes.  
7.3.6 Increase derivation of CH4 oxidation fractionation factors to target model analysis for a 
refined sensitivity 
In the mass balance application, a wide range of values was considered in sensitivity analyses for the 
stable isotope parameters to compensate for the limited batch assay budget. If a more precise value 
was desired for the rates of activity, the number of sub experiments could be increased and conducted 
for each campaign, in particular for the methane oxidation fractionation factor and composting 
signature for the landfill cover soil. 
7.3.7 Pre-screen for stable isotope levels for anaerobic digestion of previous lift of waste to 
target model analysis for a refined sensitivity 
Furthermore, for the derivation of the methanogenesis fractionation factors, both acetoclastic and 
hydrogenotrophic pathways need to be considered. For this thesis, this issue was managed by the 
operation and monitoring of a packed bed reactor of waste material sourced from the facility and 
through the development of a combined mass and isotope balance methodology. A more efficient 
approach to increase precision and confidence in rate predictions would be facilitated by 
characterising biogas isotopic signatures before the operator added a new lift of waste, to ensure that 
the true signature of anaerobic digestion in the fresh waste can be resolved. This could be achieved 
by sampling biogas from gas infrastructure within the base, mature region of the landfill stage, 
resolving the background levels from migrating gases for the duration of the experiment.   
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 4 
 
 
This Appendix presents the supporting information for the laboratory experiments described in 
Chapter 4. It was desired to determine the isotopic fractionation factor for methane oxidation and the 
isotopic signature of composting for the landfill soil cover, as described in Research Question 3. To 
investigate Research Question 2, the derivation of these parameters was essential, to develop the mass 
balance and allow for its application to the field dataset. Incubations for methane oxidation and 
composting assays were performed from soil cores collected at the landfill isotope monitoring 
locations. These microcosms were tracked for molecular (CH4, CO2, O2) and isotopic gas components 
(13C-CH4 and 
13C-CO2). 
An additional output of this work, was to partition the two rates of aerobic activity in the soil cover, 
allowing for the determination of the competition of composting and CH4 oxidation for available O2. 
The data described in this Appendix are being developed for future publication. 
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A.1 Landfill cover soil characteristics 
A.1.1 Core sampling 
 
 
 
 
 
 
 
Figure A-1: Photographs of soil core sampling and analytical procedures related to incubations. 
 
Figure A-2: Schematic of core sampling at Site 1 relative to installed equipment for 18-month field 
trial at Swanbank landfill. 
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Figure A-3: Schematic of core sampling at Site 5 relative to installed equipment for 18-month field 
trial at Swanbank landfill. 
 
Figure A-4: Photographs of scouring conditions of cover at field trial at landfill (left panel in April 
2015 campaign, right panel in final monitoring round, at Site 5 of run-off pathway). 
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A.1.2 Temperature of soil cores 
Table A-1: Summary of soil core temperature profile readings obtained on site 
Location Core  
Name 
Depth  
Range [cm] 
T1 [°C] T2 [°C] T3 [°C] Tavg [°C] 
5 
SURFACE 0 25.8 25.7 26.0 25.8 
A 0-10 26.3 26.2 26.0 26.2 
A 0-20 28.8 28.3 27.6 28.2 
SURFACE 0 26.3 25.6 25.2 25.7 
B 0-10 28.8 28.5 28.1 28.5 
B 0-20 29.6 31.3 32.1 31.0 
SURFACE 0 31.3 29.7 28.8 29.9 
C 0-10 30.8 25.6 24.7 27.0 
C 0-20 31.8 31.7 31.1 31.5 
1 
SURFACE 0 30.7 29.9 29.8 30.1 
A 0-10 30.2 30.1 29.6 30.0 
A 0-20 29.6 30.3 30.4 30.1 
SURFACE 0 30.6 29.8 29.8 30.1 
B 0-10 29.1 29.4 30.0 29.5 
B 0-20 30.9 31.9 32.0 31.6 
* Average of all soil cores collected – 29.0°C; Average of soil cores selected for incubation – 29.6°C 
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A.1.3 Soil characterisation 
Table A-2: Summary of soil characteristics for Site 1 and 5* 
Sample Name Description MC [g kg-1] TS [g kg-1] VS [g kg-1] pH avg (CaCl2) USDA pH Class USDA Soil Texture 
1A_TOP Location 1, Site A - 0-10 cm 195 805 81.0 6.81 Neutral Silt Loam 
1A_BOT Location 1, Site A - 10-20 cm 159 841 75.1 6.21 Slightly acid Silt Loam 
1B_TOP Location 1, Site B - 0-10 cm 129 871 82.5 7.16 Neutral Silt Loam 
1B_BOT Location 1, Site B - 10-20 cm 146 854 79.1 7.21 Neutral Silt Loam 
L1-SUR Location 1 Surface 38 962 85.8 n.d. n.d. n.d. 
5B_TOP Location 5, Site B - 0-10 cm 175 825 66.3 6.75 Neutral Silt Loam 
5B_BOT Location 5, Site B - 10-20 cm 142 858 79.7 6.70 Neutral Silt Loam 
5C_TOP Location 5, Site C - 0-10 cm 177 823 59.7 6.83 Neutral Silty Clay Loam 
5C_BOT Location 5, Site C - 10-20 cm 163 837 64.4 6.39 Slightly acid Silty Clay Loam 
L5-SUR Location 5 Surface 20 980 65.8 n.d. n.d. n.d. 
* Where MC, TS, VS indicates average of 3 replicates of the cover-soil before it was incubated.   
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Figure A-5: USDA soil texture triangle by core location, Site 1 (A) and Site 5 (B) with cores indicated by circles.  
 
(A)Site 1 Soil Cores (B) Site 5 Soil Cores 
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A.1.4 Incubation assays 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-6: Photographs of microcosms for composting and CH4 oxidation assays, Site 1 with Core 
1A – (A), (B) and Core 1B (C), (D) and Site 5 with Core 5B (E), (F) and Core 5C (G), (H). 
 
(A) 
(B) 
(C) 
(D) 
(E) 
(F) 
(G) 
(H) 
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A.2 Statistics applied for reportable rate constant 
A.2.1 Testing the significance of the slope for the rate constant in incubations 
To determine the rates from the incubations, the lag phase was excluded from analysis. A linear 
regression was performed across relevant points. To determine if the rate constant (slope) obtained 
was significantly different from zero and reportable, a t-test of the slope of the regression was applied. 
A null hypothesis: H0: β= 0 (i.e. the slope of the regression line is zero) was tested with a significance 
level of 0.05 (see below for sample table of t-test for data). This approach was utilised for both CH4 
oxidation and composting bottle sets for the soil cover. The resulting graphs of the kinetics for each 
system are attached in the following sections.  
Table A-3: T-test for slope of regression for bottle series for Core 1A_TOP 
Parameter CH4 oxidation  Composting 
Bottle ID 1a 1a 1a 1b 1b 
Species CH4 CO2 O2 CO2 O2 
Number of points 4 4 3 5 3 
R2 Fit -0.998 0.997 -0.999 0.995 -0.982 
Standard deviation between x 14.746 14.746 14.746 14.746 14.746 
Standard deviation between y 92.356 74.979 188.638 74.857 308.265 
Slope of Fit -6.252 5.071 -12.774 5.049 -20.534 
Sy/x 6.763 6.836 14.445 8.983 81.782 
sb 0.265 0.268 0.693 0.305 3.922 
t score -23.610 18.945 -18.441 16.577 -5.236 
Degrees of freedom 1 1 1 1 1 
p-value 0.027 0.034 0.034 0.038 0.120 
alpha 0.050 0.050 0.050 0.050 0.050 
t-crit 12.706 12.706 12.706 12.706 12.706 
Significant and reportable? Yes Yes Yes Yes No 
Confidence intervals 95% CI 95% CI 95% CI 95% CI 95% CI 
Lower  -9.6 1.7 -21.6 1.2 -70.4 
Upper -2.9 8.5 -4.0 8.9 29.3 
P/M 3.4 3.4 8.8 3.9 49.8 
 
A.3 CH4 oxidation kinetics, 13C-CH4 and fractionation factors αOX during incubation  
See overleaf for graphs relating to results from CH4 oxidation assays.  
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Figure A-7: Site 1 CH4 oxidation assay results for (A) CH4 consumption; (B) O2 uptake; (C) δ13C-CH4 evolution; and (D) CO2 production. 
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Figure A-8: Fractionation factors αOX derived for soil cores for CH4 oxidation at T=29.6°C for Site 1 (A) and Site 5 (B). 
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A.4 Composting kinetics and 13C-CO2 during incubation 
 
Figure A-9: Composting kinetic results for Site 1 and 5 at the top and base of the soil cores at T=29.6°C 
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 Figure A-10: δ13C-CO2 behaviour for Site 1 and 5 at the top and base of the soil cores at T=29.6°C for Site 1 (A) and Site 5 (B). 
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A.5 Distribution of methanotrophs at Genus level in incubations 
 
Figure A-11: Distribution of methanotrophs at Genus level (Genus >2%) with relative fractional 
abundance expressed at the start and end of incubation experiment for Site 1 (A) and Site 5 (B)
(A) 
(B) 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 5 
 
 
This Appendix presents the supporting information for the laboratory experiment described in 
Chapter 5. Chapter 5 focused on the evolution of the carbon and hydrogen isotope systems, aiming 
to describe the early phase digestion of municipal solid waste and identify the effect of H2 
concentrations to the stable isotope dynamics. This was performed through the operation of a packed 
bed reactor with waste sourced from the operational landfill surveyed in Chapter 6. It was desired to 
determine the isotopic fractionation factor for anaerobic digestion of the landfill waste, as described 
in Research Question 3. To investigate Research Question 2, the derivation of this parameters was 
essential, to develop and apply the mass balance to the field dataset. 
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B.1 Waste and sludge characterisation 
Municipal solid waste (MSW) was retrieved from the working face of the Swanbank Landfill, Stage 
1 as indicated in Figure B-1. Waste samples were pulled from the daily working pile on 16th February 
2016, before the MSW stream was compacted by machinery for placement in a new waste lift cell.  
Six polypropylene barrel containers (20 L) capacity were filled with MSW by hand with a simple 
random sampling method applied to the working pile as described in ASTM D6009-12 (ASTM 
International, 2012). This method was chosen to ensure that each element in the working face had an 
equal chance of being included. Materials which were oversize for the barrels were excluded, due to 
practical transport limitations from the waste management facility to the laboratory.  
 
 
 
 
Figure B-1: Photographs of waste sourced from working face of Swanbank landfill. 
To classify the waste and determine the solid waste composition, the principles of ASTMD5231-92 
were utilised, however as the grab was from a one-day event at 100 kg, it does not comply with the 1 
week constraint specified in this standard method (ASTM International, 2016).  A flat and level area 
was prepared in the laboratory with tarps placed over the working surface. Empty storage containers 
were weighed and the tare weights were recorded.  
The gross categorisation of the waste stream occurred from the 17th February – 18th February, during 
this period waste was refrigerated at 4 °C.  Each storage barrel of waste was subsequently categorised 
into Food, Paper/Cardboard, Plastic, Textiles and Garden classifications by segregating into 
appropriate storage boxes (Table B-1). Components were reduced in size by a hand-shredding with 
shears and processing through a garden mulcher (1-25 mm). For composite items, the materials were 
split into approximate proportions according to the estimated mass fraction of each component in the 
item. The presence of alternative waste items was minimal, with some minor glass and metal 
fragments.  The gross weights of each category were weighed, with the weight of containers 
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reweighed to account for any moisture effects. The materials from each barrel were re-blended and 
returned to the storage vessel. The sorting site and equipment was cleaned after each barrel and at the 
end of the laboratory day.  Subsampling from each barrel was performed for waste characterisation 
(Table B-2), this waste is described as ‘raw’. The waste was returned to the barrels and was stored 
for three months in freezer prior to reactor operation.   
 
Figure B-2: Photographs of waste sorting and characterisation procedures for MSW. 
The waste was re-characterised after it was slowly defrosted, immediately before loading, described 
as ‘loaded’ to account for any solubilisation or hydrolysis effects (Table B-2). At the conclusion of 
the experiment, during unloading the residual material was collected for characterisation indicated as 
‘residue’ or ‘digestate’.  To quantify the impact of the sludge used as an inoculum for this system, it 
was characterised separately using standard practices before commencing loading of the reactor. 
These findings are summarised in Table B-3.  
Further characterisation of the sludge was performed during the operation of the reactor to account 
for any gas production from this component, this is discussed in Section B.4, with equations presented 
to resolve the isotopic contribution from this source.  
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Table B-1: Waste composition by category for reactor 
Waste Type 
Container No. [kg] Reactor 
[kg] 1 2 5 
Food 6.6 7.0 2.0 15.6 
Paper/Cardboard 3.2 3.3 2.8 9.2 
Plastic 1.1 2.1 1.6 4.9 
Textiles 0.2 0.1 0.1 0.4 
Garden 3.1 5.7 1.2 10.0 
Total 14.1 18.2 7.81 40.1 
Table B-2: Municipal solid waste characteristics used in reactor (n=8) 
Parameter Raw Loaded Residue 
Total Solids [TS g kg-1] 323*  538 ± 92  314 ± 27 
Volatile Solids [VS g kg-1] 276 ± 9  466 ± 84 265 ± 21 
VS/TS 0.85 0.87 0.84 
Soluble chemical oxygen demand [g COD kg MSW-1] - 33 ± 7 65 ± 2 
Total chemical oxygen demand [g COD kg MSW-1] - 83 ± 3 266 ± 2 
* No replicates for TS for raw waste, bulk characterisation in 250g tray for each container. It is anticipated that the TS 
would change from freezing, the change in VS is more critical to trace.  
Table B-3: Sludge (inoculum) characteristics used in reactor (n=3) 
Parameter 
 
Total Solids [TS g kg-1] 32.5 ± 1.3 
Volatile Solids [VS g kg-1] 23.9 ± 1.4 
VS/TS 0.74 ± 0.07 
Total VFA [mg CODeq L-1] 6.46 
Soluble chemical oxygen demand [mg COD L-1] 686 ± 52 
Total chemical oxygen demand [g COD L-1] 33.8 ± 0.3 
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B.2 Biochemical potential and post-methane potential tests 
The ultimate CH4 potential and post CH4 potential tests were conducted for the waste, with results 
summarised in Table B-4, Figure B-3 and B-4. It is anticipated that the low potential B0 for the fresh 
waste was observed due to the inclusion of plastics in the VS analysis. I.e. when combusted in furnace 
plastics will volatise at 550°C but do not contribute towards the overall biogas production during 
anaerobic digestion. 
Table B-4: Ultimate CH4 potential of MSW prior to loading and digestate at end of operation 
Type B0 [L CH4 kg VS-1] k [d-1] 
R2 Fresh MSW 84 ± 4 0.20 ± 0.04  
R2 Residual MSW 127 ± 5  0.20 ± 0.03 
 
Figure B-3: Ultimate CH4 potential determined by the kinetic profile of fresh MSW degraded in 
BMP assays prior to reactor loading (n=4). 
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Figure B-4: Post CH4 potential determined by the kinetic profile of digestate degraded in incubation 
assays at end of reactor operation (n=4). 
B.3 Reactor specification and ancillaries 
The reactor is comprised of stainless-steel (SS) with a height of 135 cm and 47 cm diameter, at 35 
cm from the base a false floor with 304 SS mesh (2.06 mm ϕ) was installed to prevent waste from 
entering the sump and leachate pumping line (Figure B-5). The reactor was operated at 38 °C, 
maintained by 22 m of 450 W heating tape (Thermal Electric Elements, SS Braided Heat Trace) 
wrapped around the external walls of the column. This was covered with 50 mm thick mineral wool, 
aluminium foil coated insulation sheeting. Temperature was regulated via Eurotherm 3216 thermo-
controller system (with ±1 °C from set point), this interfaced with a thermocouple (ECEfast, TS-11P) 
installed 10cm into the side of the waste bed, 15 cm from the false floor.  For gas sampling through 
the waste bed, four ports were located at 15 cm intervals along the length of the column. Each port 
consisted of a 3/8” hosetail welded with a SS crimped tube that extended to the centre of the bed, 
with three slits at 10 cm lengths to collect a sample typical of the cross-section of at that depth. A 
two-way ball valve (1050kPa AGA rated 6227) coupled with 3/8” hosetail and MasterFlex C-Flex 
Ultra Tubing L/S 35 (7.9 mm ID) was utilised for sampling using gas tight syringes. An additional 
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headspace port was located 10 cm from the top of the reactor lid. Displaced headspace gas flowed 
through the outlet valve connected to a SS condensation coil to cool the gas from 38 °C to ambient 
laboratory conditions (~25 °C) and trap moisture before travelling to downstream equipment. 
 
Figure B-5: Packed bed reactor configuration and ancillaries for Chapter 5 experiment to derive the 
fractionation factors for anaerobic digestion and understand stable isotopic behaviour of generated 
biogas and leachate. 
B.4 Determining biogas production for reactor and resolving sludge contribution 
The biogas production from the reactor was measured via a U-tube gasmeter using silicon oil as 
described by Chugh et al. (1999). This was calibrated with the use of a graduated SGE Jumbo Syringe 
(500 mL), in-line flow regulator, gas tubing lines and compressed air. The volume of displaced gas 
for 1 click was determined to account for pressure equalisation. The gas tubing was connected with 
the compressed air line in the laboratory, with the in-line flow regulator set at 2 L min-1 and the clicks 
over time were monitored. This was repeated three times in order to formulate a calibration curve for 
the meter as indicated with a factor of 0.1L click-1 adopted (Figure B-6), for the set-up volume of 
silicon oil in the U-tube.   
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Figure B-6: Calibration curve for U-tube gas meter to determine daily biogas volume production in 
relation to counter clicks.  
To identify the normalised biogas production, CH4 volume composition measurements were utilised:    
𝒒𝑪𝑯𝟒,𝒓𝒆𝒂𝒄𝒕𝒐𝒓 =
[
𝒗𝑪𝑯𝟒
𝟏𝟎𝟎
]×𝒒𝒃𝒊𝒐𝒈𝒂𝒔,𝒓𝒆𝒂𝒄𝒕𝒐𝒓
𝑽𝑺𝒓𝒆𝒂𝒄𝒕𝒐𝒓
                (B-1) 
Where 𝑞𝐶𝐻4,𝑟𝑒𝑎𝑐𝑡𝑜𝑟  is the total CH4 production [L CH4 kg VS
-1] measured for the reactor system, 
𝑞𝑏𝑖𝑜𝑔𝑎𝑠,𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the total biogas production [L biogas] measured for the day, 𝑣𝐶𝐻4 is the volume 
composition [v/v%] measured for the day,  𝑉𝑆𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the total volatile solids [kg VS] present in the 
reactor at the start of the experiment.  
These measurements were combined with the proportional contribution of VS from the sludge to the 
total VS of the reactor as expressed:   
𝑞𝑠𝑙𝑢𝑑𝑔𝑒,𝑟𝑒𝑎𝑐𝑡𝑜𝑟=𝑞𝑠𝑙𝑢𝑑𝑔𝑒,𝑏𝑚𝑝 × ⌈
𝑉𝑆𝑠𝑙𝑢𝑑𝑔𝑒𝑟𝑒𝑎𝑐𝑡𝑜𝑟
𝑉𝑆𝑟𝑒𝑎𝑐𝑡𝑜𝑟
⌉              (B-2) 
Where 𝑞𝑠𝑙𝑢𝑑𝑔𝑒,𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the CH4 production [L CH4 kg VS 
-1 d-1] from sludge in the reactor, 
𝑞𝑠𝑙𝑢𝑑𝑔𝑒,𝑏𝑚𝑝 is the average CH4 production [L CH4 kg VS 
-1 d-1] from parallel BMPs measured for the 
day, 𝑉𝑆𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the total volatile solids [kg VS] in the reactor at the start of the experiment and  
𝑉𝑆𝑠𝑙𝑢𝑑𝑔𝑒𝑟𝑒𝑎𝑐𝑡𝑜𝑟  [kg VS] is the proportion of VS in the reactor sourced from sludge.  
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Subsequently, the total production of CH4 due to the waste itself 𝑞𝑀𝑆𝑊𝑟𝑒𝑎𝑐𝑡𝑜𝑟  is defined by eq. B-3, 
where the background due to the sludge is resolved from the total production of the reactor.  
𝑞𝑀𝑆𝑊𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = 𝑞𝐶𝐻4,𝑟𝑒𝑎𝑐𝑡𝑜𝑟 − 𝑞𝑠𝑙𝑢𝑑𝑔𝑒,𝑟𝑒𝑎𝑐𝑡𝑜𝑟                         (B-3) 
To determine the impact of sludge in terms of isotopic gas signatures (δ13C-CH4, δ13C-CO2, δ2H-CH4, 
δ2H-H2), parallel sludge BMPs were sampled and resolved by proportions of substrates as described 
in Section B.4.1. To express this in terms of an isotopic mass balance, fractional contributions of the 
substrates to the reactor pool are defined:  
𝑓𝑠𝑙𝑢𝑑𝑔𝑒 = 
𝑞𝑠𝑙𝑢𝑑𝑔𝑒,𝑟𝑒𝑎𝑐𝑡𝑜𝑟
𝑞𝐶𝐻4,𝑟𝑒𝑎𝑐𝑡𝑜𝑟
                          (B-4) 
𝑓𝑠𝑙𝑢𝑑𝑔𝑒 + 𝑓𝑀𝑆𝑊 = 1                           (B-5) 
Where 𝑓𝑠𝑙𝑢𝑑𝑔𝑒 describes the proportional contribution of sludge to the reactor pool,  𝑓𝑀𝑆𝑊 describes 
the proportional contribution of waste to the reactor pool, 𝑞𝐶𝐻4,𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the total CH4 production [L 
CH4 kg VS 
-1 d-1] measured for the reactor, 𝑞𝑠𝑙𝑢𝑑𝑔𝑒,𝑟𝑒𝑎𝑐𝑡𝑜𝑟  is the CH4 production [L CH4 kg VS 
-1 d-1] 
from sludge in the reactor, characterised by measurements as described.  
For the application of a linear mixing model, the isotopic signatures of the parallel sludge BMPs were 
determined on the same sampling days as the overall reactor, this can resolve the true isotopic 
signature from the methanogenesis process of the waste (see eq. B.6 to B-7).    
𝑓𝑀𝑆𝑊𝛿𝑀𝑆𝑊 + 𝑓𝑠𝑙𝑢𝑑𝑔𝑒𝛿𝑠𝑙𝑢𝑑𝑔𝑒 = 𝛿𝑟𝑒𝑎𝑐𝑡𝑜𝑟                          (B-6) 
𝛿𝑀𝑆𝑊 =
𝛿𝑟𝑒𝑎𝑐𝑡𝑜𝑟−𝑓𝑠𝑙𝑢𝑑𝑔𝑒𝛿𝑠𝑙𝑢𝑑𝑔𝑒
1−𝑓𝑠𝑙𝑢𝑑𝑔𝑒
                           (B-7) 
Where 𝑓𝑠𝑙𝑢𝑑𝑔𝑒 describes the proportional contribution of sludge to the reactor pool,  𝑓𝑀𝑆𝑊 describes 
the proportional contribution of waste to the reactor pool, 𝛿𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is determined from collected gas 
samples from reactor for all species, 𝛿𝑠𝑙𝑢𝑑𝑔𝑒 is defined by gas samples from BMP test for all species. 
B.4.1 Biogas activity of sludge (inoculum) and stable isotope behaviour 
From the parallel BMP test, it was identified after 10 days that the sludge activity for biogas 
production started to decline, with duplicate blanks ceasing gas production over day 13 to day 15. 
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Although unstable biogas production was observed in the blanks after this point, this is anticipated as 
the micro-organisms started to scavenge biomass decay as a food source (Batstone et al., 2002).  
 
Figure B-7: Kinetics of sludge biogas activity used to resolve isotope mixing proportions during 
reactor start-up phase.  
For the analysis of gas in the reactor, day 14 was considered the day that biogas contribution from 
the sludge had concluded, and was accounted for in isotopic mixing balance (see Table B-5 below).  
Production from day 15 onwards was considered to have been solely from the degradation of the 
waste. 
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Table B-5: Isotope signatures for headspace gases for start-up reactor phase 
Day Reactor (Total Pool)  ‰ Blank Averages ‰ 
δ13C-CH4 δ13C-CO2 δ2H-H2 δ2H-CH4 δ13C-CH4 δ13C-CO2 δ2H-H2 δ2H-CH4 
2 -44.7 -11.3 -652 -477 -50.5 5.4 N/A -314 
4 -44.2 -12.1 -648 -373 -50.8 5.5 N/A -304 
7 -44.2 -13.2 -604 -356 -50.8 5.5 N/A -299 
9 -45.1 -11.9 -579 -352 -50.9 5.6 N/A -298 
11 -46.5 -11.6 BDL -363 -51.2 5.6 N/A -297 
14 -49.5 -12.6 -597 -343 -51.2 5.4 N/A -302 
*BDL – sample was below detection limit of GC-IRMS, N/A – no H2 in sludge blank assays 
Table B-6: Mixing proportions and corrected isotope signatures for start-up reactor phase 
Day Proportions Reactor (MSW) ‰ 
fs fMSW δ13C-CH4 δ13C-CO2 δ2H-H2 δ2H-CH4 
1 0.34 0.66 NS* 
2 0.16 0.84 -43.3 -15.4 -652 -516 
3 0.15 0.85 NS* 
4 0.13 0.87 -43.0 -15.3 -648 -386 
5 0.07 0.93  
6 0.08 0.92 NS* 
7 0.05 0.95 -43.7 -14.4 -604 -360 
8 0.09 0.91 NS* 
9 0.03 0.97 -44.9 -12.6 -579 -354 
10 0.07 0.93 NS* 
11 0.03 0.97 -46.3 -12.2 BDL -365 
12 0.08 0.92 NS* 
13 0.02 0.98 NS* 
14 0.04 0.96 -49.4 -13.7 -597 -345 
15 0.00 1.00 NS* 
*BDL – sample was below detection limit of GC-IRMS, NS – not an isotope sampling day 
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B.5 Analysis of leachate components for DI-IRMS machine influences 
An initial elimination test was conducted in October 2016 for leachate from the reactor, to determine 
if there were any DI-IRMS machine influences on isotopic signatures derived due to:  
(a) pH levels 
(b) Peak VFAs 
(c)  Alcohols susceptible to volatising at machine conditions. 
From the initial elimination test (Table B-7) is was determined that there were no effects due to pH 
level, peak butyric and acetic acid concentrations in the leachate.  
Table B-7:  Initial elimination test for leachate waters and DI-IRMS machine influences 
ID No δ18OSMOW‰ δ2HSMOW‰ Sample Type Notes: Conclusion: 
LIZTEST-01 -0.1 -2 Lab Water * Day before start-up 
(September) 
n/a 
LIZTEST-02 -5.4 -44 pH 7 Buffer (no dilution) Test with dilution 
LIZTEST-03 0.0 94 Ethanol (peak) 7.64 g L-1 (corresponds to 
peak observed in 
leachate) 
Large shift, need to re-test 
with concentration series.  
LIZTEST-04 0.1 0 Acetic acid 14.1 g L-1 (corresponds to 
peak observed in 
leachate) 
No effect, within machine 
error 
LIZTEST-05 0.1 -1 Butyric acid 26.5 g L-1 (corresponds to 
peak observed in 
leachate) 
No effect, within machine 
error 
LIZTEST-06 -4.9 -43 pH 4 Buffer (no dilution) Test with dilution 
LIZ-W 0.0 0 Lab Water * Day of run (October) Lab water shifted, tank 
change. 
LIZ-PH4 -2.4 -21 pH 4 Buffer 50:50 dilution of buffer 
solution and lab water 
Refer to mixing balance 
table. 
LIZ-PH7 0.0 -1 pH 7 Buffer 50:50 dilution of buffer 
solution and lab water 
No effect, within machine 
error 
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Table B-8:  pH 4 mixing balance  
pH = 4.0 Lab water Buffer Mixture 
δ18OSMOW‰ 0.0 -2.5 -2.4 
δ2HSMOW‰ 0 -21 -22 
A follow-up test was conducted in January 2017 for ethanol at levels similar to the leachate, to 
determine if there were any DI-IRMS machine influences. A full concentration series for ethanol was 
also assessed, see Table B-9, B-10 and B-11. 
Table B-9:  Spiked water sample compared against the sample level (day 14) 
Type Ethanol ([g L-1]) δ18OSMOW‰ δ2HSMOW‰ 
Water 0 -0.4 -4 
Water Spiked 7.64 0.0 94 
Sample Level 7.64 0.7 14.9 
Table B-10:  Lab water and ethanol concentration series for volatility effect on machine 
ID No Pure Day Ethanol [g L-1] δ18OSMOW‰ δ2HSMOW‰ 
Liz40 1 4 2.5 0.7 49 
Liz41 2 7 3.6 0.7 37 
Liz42 3 11 6.9 0.7 153 
Liz43 4 23 10.2 0.7 141 
Liz44 5 39 7.2 0.7 17 
Table B-11:  Lab water, ethanol and synthetic VFA concentration series for solution influences 
ID No Blend Day Ethanol [g L-
1] 
Acetic acid 
[g L-1] 
Butyric acid 
[g L-1] 
Lactic acid 
[g L-1] 
δ18OSM
OW‰ 
δ2HSMO
W‰ 
Liz45 1 4 2.5 5.4 5.3 0.0 0.7 19 
Liz46 2 7 3.6 5.3 22.2 0.6 0.7 30 
Liz47 3 11 6.9 9.7 26.1 18.2 0.7 6 
Liz48 4 23 10.2 9.0 12.7 15.0 0.6 247 
Liz49 5 39 7.2 13.8 16.2 12.6 0.7 118 
Liz50 6 56 3.2 10.0 10.7 13.8 0.7 61 
When comparing the leachate behaviour to the synthetic blend, there were a similar range of values 
obtained. The pure ethanol samples behave differently, where the volatility of ethanol solution has a 
stronger effect than in the case of the mixture with synthetic VFAs. An additional limitation of this 
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assessments, is that not all components in the leachate were mixed up in the synthetic blends. It was 
concluded that it was suitable to utilise the raw values that were obtained, with no corrections. 
Furthermore, from a literature search, landfill leachate is known to have a pronounced enrichment 
shift, with a limited data set available for comparison (Hackley et al., 1996, Rank et al., 1995). The 
starting point for the packed bed, is different to most landfills (see Table B-12), with the sludge being 
considered more enriched than a typical young leachate. This idea is elaborated on further within the 
body of Chapter 5.  
 Table B-12:  Sludge and reactor waters comparison 
Sample ID Day δ18OSMOW‰ δ2HSMOW‰  
Liz2 0 -1.2 0 Sludge (inoculum) 
Liz3 0 -0.8 1 Reactor waters on Day 
0 
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B.6 Long term trends for leachate composition 
 
Figure B-8: Leachate composition over 98 days of waste decomposition in packed bed reactor for: 
alcohols (A, B), glucose (C) and soluble component ratio (D) (additional sub-figures overleaf).  
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Figure B-8 (cont.): Leachate composition over 98 days of waste decomposition in packed bed reactor 
for: alcohols (A, B), glucose (C) and soluble component ratio (D).   
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B.7 Long term trends for biogas composition and cumulative biogas production 
B.7.1 Biogas Composition and Stable Isotopes for CH4 
 
 
 
 
 
Figure B-9: Produced CH4 trends over 98 days of waste decomposition in packed bed reactor for: 
(A) Molecular composition [v/v% CH4]; (B) Stable carbon isotope δ13C-CH4 [‰]; and (C) Stable 
hydrogen isotope δ2H-CH4 [‰] (additional sub-figures overleaf).  
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 Figure B-9 (cont.): Produced CH4 trends over 98 days of waste decomposition in packed bed reactor 
for: (A) Molecular composition [v/v% CH4]; (B) Stable carbon isotope δ13C-CH4 [‰]; and (C) Stable 
hydrogen isotope δ2H-CH4 [‰].  
 
174 
 
B.7.2 Biogas Composition and Stable Isotopes for H2 and CO2 
 
 
 
 
 
 
 
Figure B-10: Produced CO2 and H2 trends over 98 days of waste decomposition in packed bed reactor 
for: (A) Molecular composition [v/v% CO2]; (B) Stable carbon isotope δ13C-CO2 [‰];(C) Molecular 
composition [v/v% H2]; and (D) Stable hydrogen isotope δ2H-H2 [‰]; (additional sub-figures 
overleaf). 
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Figure B-10 (cont.): Produced CO2 and H2 trends over 98 days of waste decomposition in packed 
bed reactor for: (A) Molecular composition [v/v% CO2]; (B) Stable carbon isotope δ13C-CO2 [‰];(C) 
Molecular composition [v/v% H2]; and (D) Stable hydrogen isotope δ2H-H2 [‰]. 
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B.7.3 Cumulative biogas production 
 
 
Figure B-11: Cumulative normalised biogas production over 98 days of waste decomposition in 
packed bed reactor for:  (A) CH4 and (B) H2. 
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B.8 Isotope pool analysis of field and laboratory data at 4 months after waste 
placement of fresh waste lift 
To determine the impact of the previous waste lift on the biogas measured at the landfill, a simple 
isotope mixing model was developed, splitting the biogas mixture measured into gas sourced from 
two sources, the mature underlying waste lift, to the fresh waste that was deposited in the new layer: 
𝑓𝑚𝑎𝑡𝑢𝑟𝑒𝛿𝑚𝑎𝑡𝑢𝑟𝑒 + 𝑓𝑓𝑟𝑒𝑠ℎ𝛿𝑓𝑟𝑒𝑠ℎ = 𝛿𝑏𝑖𝑜𝑔𝑎𝑠 𝑚𝑖𝑥𝑡𝑢𝑟𝑒            (B-8) 
𝑓𝑚𝑎𝑡𝑢𝑟𝑒 + 𝑓𝑓𝑟𝑒𝑠ℎ = 1                (B-9) 
These balances can be written for both the δ13C-CO2 and δ13C-CH4 components and it is known that 
the proportions of fmature and ffresh need to be the same for both species, as an additional constraint.  
The mixing model aims to solve for the relative proportions of each layer and the signature of biogas 
sourced from the mature layer. The biogas mixture signature the δbiogas mixture was defined by the field 
sample obtained at the deepest spear in the landfill environment. The reactor obtained values were 
utilised to describe the fresh waste signatures δfresh. These values are summarised in Table B-13. 
Table B-13: Isotope mixing model for waste layer analysis 
Parameter Source δ13C-CH4 ‰ δ13C-CO2 ‰ 
Biogas mixture Field trial (probe 4) -55.4 16.6 
Fresh Reactor (day 98) -51.1 -8.3 
Mature Calculated  -56.5 22.8 
To solve the system of equations, a Goal Seek analysis was applied, ensuring that the proportions 
predicted for the fmature and ffresh need to be the same for both species. The values obtained for the 
mature layer (Table B-13) are reasonable and fall within those anticipated for gas sourced from 
established methanogenesis.  This analysis highlights that the underlying waste mass is indeed 
influencing the system and is contributing a larger proportion to the overall gas flux pool (see Table 
B-14). For further discussion of this concept, refer to the body of Chapter 5.  
Table B-14: Isotope mixing model for waste layer proportions predicted  
Parameter Description Value 
ffresh Proportion from new landfill lift 0.2 
fold Proportion from old landfill lift 0.8 
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 6 AND 
ADDITIONAL FIELD DATA FROM THE SWANBANK LANDFILL OVER 
THE 18-MONTH TRIAL 
 
This Appendix presents the full field data set obtained from extended monitoring campaigns at the 
Swanbank landfill. It was desired to determine whether there was additional O2 ingress into shallow 
waste after the cell was compacted and overlain with an interim cover in Research Question 1; this 
involved the long-term tracking of all key site parameters. Early observations at the start of the trial 
indicated that there was a strong potential for aerobic activity. These results have been partially 
published with the following reference:  
Obersky, L. Rafiee, R. Xie, S. Golding, S.D Clarke, W.P. (2015) Determining the 
simultaneous rates of anaerobic digestion, composting and methane oxidation in shallow 
waste in an active landfill cell. 15th International Waste Management and Landfill 
Symposium. Margherita di Pula, Cagliari, Italy; 5 – 9 October 2015 
For the application of the mass balance technique, Research Question 2, four primary campaigns 
included the measurement of stable isotopes. This data described in this Appendix has been partially 
published with the following reference: 
Obersky, L., Rafiee, R., Cabral, A.R., Golding, S.D., Clarke, W.P. (2018) Methodology to 
determine the extent of anaerobic digestion, composting and CH4 oxidation in a landfill 
environment. Waste Management, In Press, Corrected Proof, 
(https://doi.org/10.1016/j.wasman.2018.02.029)  
This Appendix includes the revised results to the model using the updated isotopic parameters as 
discussed in Chapter 6. Furthermore, this Appendix aims to further discuss results obtained across 
the full experimental study and identify how these observations supplement the thesis.  
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C.1 Presentation of supporting material for Chapter 6 
C.1.1 Mass balance model code 
The mass balance code developed in MATLAB ® for the application to the landfill dataset is provided 
in a Supplementary Materials zip file for this thesis found at UQeSpace. To request and access thesis 
and supporting materials, follow the guideline available via: https://web.library.uq.edu.au/library-
services/other-libraries/ordering-copies-uq-theses/find-uq-thesis  
C.1.2 Parameters generated by Simlab ® for use in mass balance 
Parameters generated by Simlab for use in mass balance are provided in a Supplementary Materials 
zip file for this thesis found at UQeSpace. To request and access thesis and supporting materials, 
follow the guideline available via: https://web.library.uq.edu.au/library-services/other-
libraries/ordering-copies-uq-theses/find-uq-thesis 
C.1.3 Compilation of site photographs from monitoring events 
Over the course of ongoing monitoring at the Swanbank landfill, site photographs were taken to track 
the evolution in soil surface texture and vegetation growth, these are provided in a Photography zip 
file for this thesis found at Google Drive direct link: https://drive.google.com/open?id=0B2Fp40-
8uij5UGNlbVcyLXVFWE0  
C.1.4 Oxygen composition information for waste profile in field trial 
This section presents the O2 results from the gas probes within the waste profile at the Swanbank 
landfill, for CH4 and CO2 levels refer to Section C.3 in this Appendix. A graphical heatmap, depth 
and monitoring time summary for Site 1 and 5 is presented across the full spear set in Figure C-1 and 
C-2 respectively. Although Sites 2, 3 and 4 were not utilised for the mass balance analysis, they 
provided additional evidence of ongoing O2 penetration at different locations across the batter, with 
one deep spear placed close to the base of the new lift with data tabulated in Table C-1 for O2.  
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Figure C-1: Site 1 Gas Probes: Depth, O2 concentrations, heat map for 18-month trial and O2/N2 ratio 
evolution compared to air ratio of O2/N2 = 0.2658 
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Figure C-2: Site 5 Gas Probes: Depth, O2 concentrations and heat map for 18-month trial and O2/N2 
ratio evolution compared to air ratio of O2/N2 = 0.2658 
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Table C-1: O2 Gas probe: Results for Sites 2, 3 and 4 across 18 months of monitoring 
Date Site Depth 
Average [v/v%] 95% Confidence Interval (UL/LL) [v/v%] O2/ 
N2 O2  N2 N2,calc O2 N2 N2,calc 
21-Apr-15 
2 1.65 3.3 3.7 18.2 0.5 2.0 0.6 0.180 
3 1.33 * Clogged 
4 1.51 4.3 11.4 17.8 0.2 0.8 1.1 0.243 
24-Aug-15 
2 1.65 2.3 9.7 3.2 0.1 0.5 1.2 0.721 
3 1.33 3.8 16.2 7.3 0.2 1.0 2.0 0.511 
4 1.51 2.3 9.8 -2.3 0.0 0.2 2.4  n.d. 
15-Sep-15 
2 1.65 3.1 12.7 11.8 0.0 0.3 0.5 0.262 
3 1.33 3.1 12.7 11.8 0.0 0.3 0.5 0.262 
4 1.51 4.3 17.2 15.8 0.1 0.3 1.4 0.271 
21-Sep-15 3 1.33 5.5 21.9 19.3 0.1 0.1 0.2 0.288 
09-May-16 
3 1.33 * Clogged 
4 1.51 0.7 15.6 14.4 0.1 0.2 1.4 0.047 
30-May-16 
2 1.65 0.4 11.4 4.7 0.2 0.9 11.9 0.075 
3 1.33 0.7 21.9 18.7 0.1 0.5 0.7 0.036 
4 1.51 0.4 14.0 3.5 0.2 0.9 11.9 0.119 
* indicates sampling days where the spear was clogged, this was characterised by resistance to purging with 500mL SKC 
Jumbo syringe.  
C.1.5 Dynamic oxygen profiles in field trial at Site 1 and 5 
The PreSens® O2 system was deployed at Site 1 and 5 in different phases, Figure C-4 presents the 
first deployment at site 5 spanning 14-Apr-2016 to 05-May-2016, and Figure C-3 shows the second 
deployment at site 1 across 05-May-2016 to 30-May-2016, this heat map indicates O2 compositions 
across a wider range of 0.4 -1.6 (v/v% O2).  
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Figure C-3: Dynamic O2 Heat Map (measurements every 10 minutes) from 14-Apr-2016 to 05-May-2016 for Site 5, at spear 1 within the waste profile 
at depth from surface of 0.71m. 
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Figure C-4: Dynamic O2 Heat Map (measurements every 10 minutes) from 05-May-2016 to 30-May-2016 for Site 1, at spear 1 within the waste profile 
at depth from surface of 0.57m. Note: 09-May-2016 probe extracted for static chamber test for O2 levels from 9.40am to 2.00pm. 
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C.2 Output of Mass Balance Model  
C.2.1 Literature Heuristics Case: JLFG, BASE results for site 1 and 5  
 
Figure C-5:  Distribution for the landfill base boundary flow predicted by the mass balance method 
with literature heuristics for (a) Site 1 and (b) Site 5. No data was collected for Site 1 in January 2015. 
Outliers indicated by “+’ defined by the ±2.698σ constraint.   
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C.2.2 Laboratory Values Case: Distribution of Rates Predicted by Mass Balance 
 
Figure C-6:  Distribution of rOX, rCOM and rAD predicted by the mass balance method with laboratory derived values for (a) Site 1 and (b) Site 5. No data was collected for Site 1 in January 2015. Outliers indicated by “+’ 
defined by the ±2.698σ constraint.   
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C.2.3    Laboratory Values Case: JLFG, BASE results for site 1 and 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C-7:  Distribution for the landfill base boundary flow predicted by the mass balance method 
with laboratory derived values for (a) Site 1 and (b) Site 5. No data was collected for Site 1 in January 
2015. Outliers indicated by “+’ defined by the ±2.698σ constraint.   
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C.2.4 Assessment of Similarity of Laboratory and Literature Heuristic Cases 
To analyse the results produced from the two scenarios of the literature heuristics and laboratory 
derived values for the fractionation factors for anaerobic digestion and CH4 oxidation, an assessment 
of similarity was formulated. This first involved assessing the solution distributions produced in each 
case, with a normal probability plot (se Figure C-8) utilised to assess whether the results fit a normal 
distribution, for these efforts the outliers to the distributions were excluded on the basis of ±2.698σ 
constraint. All cases were found to exhibit a normal distribution in behaviour.  
 
Figure C-8:  Normal probability plot of the rate of CH4 oxidation at Site 5, with laboratory derived 
fractionation factors  
To select which t-test method to apply, the variances of the respective literature and laboratory cases 
were compared. For variances, a two-sample t-test with equal or unequal variances (one and two tail) 
were applied (alpha condition = 0.05), with the null hypothesis that the distributions were similar in 
both approaches. The results from this analysis are summarised for each key location Site 1 and Site 
5 in Tables C-2 and C-3. In terms of statistics, the calculated distributions for the rates of activity 
using literature heuristics versus the laboratory derived values were found to be significantly 
different. However, when the physical nature of landfill and the inherent variability that occurs due 
to the heterogeneity of the waste and dynamic nature exchanges with the natural environment, given 
that the average values are within the same order of magnitude, and the distributions exhibit the same 
patterns, it was concluded that they yielded comparable results as discussed in Chapter 6.  
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Table C-2: Site 1 Assessment of similarity for literature and laboratory values for fractionation factors for mass balance cases 
Month Literature Values Lab Values Is the rate significantly different? 
αOD αAD αOX αAD Method rOX Method rCOM Method rAD 
Sept'15 1.031 1.079 1.023 1.045 A No. Accept null 
hypothesis. 
B No. Accept null 
hypothesis. 
B Yes. Reject null 
hypothesis, significant 
difference in populations 
May'16 1.031 1.081 1.023 1.045 B Yes. Reject null 
hypothesis, significant 
difference in populations 
B Yes. Reject null 
hypothesis, significant 
difference in populations 
B Yes. Reject null 
hypothesis, significant 
difference in populations 
June'16 1.032 1.081 1.023 1.045 A No. Accept null 
hypothesis. 
B No. Accept null 
hypothesis. 
B No. Accept null 
hypothesis. 
Where A is equal variance, where B is unequal variance.  
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Table C-3: Site 5 Assessment of similarity for literature and laboratory values for fractionation factors for mass balance cases 
Month Literature Values Lab Values Is the rate significantly different? 
αOD αAD αOX αAD Method rOX Method rCOM Method rAD 
Jan'15 1.029 1.076 1.025 1.045 B Yes. Reject null 
hypothesis, significant 
difference in populations 
B Yes. Reject null 
hypothesis, significant 
difference in populations 
B Yes. Reject null 
hypothesis, significant 
difference in populations 
Sept'15 1.033 1.082 1.025 1.045 A Yes. Reject null 
hypothesis, significant 
difference in populations 
A Yes. Reject null 
hypothesis, significant 
difference in populations 
B No. Accept null 
hypothesis. 
May'16 1.031 1.082 1.025 1.045 B No. Accept null 
hypothesis. 
B Yes. Reject null 
hypothesis, significant 
difference in populations 
B No. Accept null 
hypothesis. 
June'16 1.032 1.082 1.025 1.045 A No. Accept null 
hypothesis. 
A No. Accept null 
hypothesis. 
B No. Accept null 
hypothesis. 
Where A is equal variance, where B is unequal variance.  
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C.3 Presentation of additional results from field monitoring 
C.3.1 Gas trends in shallow waste and interim cover 
The gas compositional information for Site 1 and 5 is presented in the subsequent figures (Figure C-
9 to C-12) for CO2, CH4 volume compositions (v/v%) and tables (Table C-4 and C-5) for ratio 
properties of CH4/CO2. This summarises data collected through the full waste profile, including key 
mass balance rounds (Site 1 and 5) with additional tracking points (Site 2, 3 and 4) and monitoring 
events between these campaigns.  
At all locations, there is a steady increase in CH4 concentration levels from 40.0 v/v% to 55.0 v/v% 
which is typical of anaerobic degradation of waste over time. CO2 levels ranged from 28 v/v% to 40 
v/v% depending on spear depth, it is difficult to characterise these trends as there are multiple 
pathways influencing the CO2 pool.  However, when the CH4/CO2 ratios are considered (see Table 
C-4), qualitative inferences can be made about the activity between the spear regions at Site 1 and 5 
as discussed by Chanton et al. (2007) and Gebert et al. (2011a). 
When the CH4/CO2 ratio is observed to decrease between monitoring points, it is indicative of aerobic 
activity occurring, either via consumption of CH4 by methanotrophs or dilution of the mixture by CO2 
being produced from the composting of organic matter. In the case where this ratio CH4/CO2 is 
increasing, it is likely that anaerobic digestion is the cause, as this process will tend to proportionally 
produce more CH4 from municipal solid waste. This will be highly dependent on the content of 
proteins, lipids and carbohydrates in the deposited waste, as each of these substrates will produce a 
different composition of biogas (Mata-Alvarez et al., 2000).    
The CH4/CO2 ratio has indicated qualitatively that aerobic activity is observed at the soil-waste 
interface and in some instances, within the shallow waste itself. For a young landfill cell, the CH4/CO2 
ratio has been observed as <1, until the establishment of methanogenesis after 5-6 months as 
described by Barry et al. (2004). For this study, predominately CH4/CO2 ratio values obtained from 
gas probes, even as early as 4 months were >1.  It is suggested that the ratio approach CH4/CO2 alone 
is limited, as (1) gas migrating from mature underlying layers may shift the ratio and mask the true 
behaviour of the waste mass; (2) it can identify aerobic activity but not provide a distinction between 
composting and CH4 oxidation.  
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Figure C-9: Site 1 Gas Probes: Depth, CO2 concentrations and heat map for 18-month trial  
 
 
 
 
 
 
 
193 
 
 
 
 
Figure C-10: Site 1 Gas Probes: Depth, CH4 concentrations and heat map for 18-month trial 
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Figure C-11: Site 5 Gas Probes: Depth, CO2 concentrations and heat map for 18-month trial  
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Figure C-12: Site 5 Gas Probes: Depth, CH4 concentrations and heat map for 18-month trial 
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Table C-4: CH4/CO2 ratio for Site 1 and 5 Gas Probes from base of lift to surface  
Campaign Site 1: Spear Depth and CH4/CO2 Ratio Site 5: Spear Depth and CH4/CO2 Ratio 
MSW Layer Interface Profile  MSW Layer Profile  
1.84m 1.35m 0.62m 0.57m 1.57m 1.30m 1.05m 0.71m 
20-Jan-15 - - - - - 1.480 1.480 1.437 1.463 
 
5-Feb-15 - - - - - 1.526 1.499 1.486 1.481 
 
21-Apr-15 1.342 1.333 1.374 1.362 
 
1.459 1.482 1.417 1.484 
 
24-Aug-15 1.459 1.430 1.409 1.405  1.437 1.446 1.447 1.446  
15-Sept-15 1.513 1.484 1.460 1.465 
 
1.479 1.494 1.488 1.498 
 
21-Sept-15 1.481 1.457 1.458 1.460 
 
1.462 1.462 1.485 1.473 
 
7-Dec-15 - - - - - 1.390 1.386 1.389 1.402 
 
11-Jan-16 - - - - - 1.394 1.390 1.377 1.406 
 
5-May-16 - - - - - 1.430 1.418 1.412 1.439  
9-May-16 1.492 1.264 1.445 1.447 
 
1.407 1.420 1.419 1.374 
 
30-May-16 1.533 1.341 1.447 1.458  1.427 1.425 1.423 1.404  
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Table C-5: CH4, CO2 Gas probe results for sites 2, 3 and 4  
Campaign Site Depth [m] 
Average [v/v%] 95% Confidence Interval (UL/LL) [v/v%] CH4/CO2 
CO2 CH4 CO2 CH4  
21-Apr-15 
2 1.65 52.1 25.3 0.4 0.2 0.487 
3 1.33 * Clogged 
4 1.51 31.9 44.9 0.4 0.6 1.410 
24-Aug-15 
2 1.65 45.9 47.5 0.7 0.6 1.036 
3 1.33 38.5 49.3 0.6 1.3 1.281 
4 1.51 40.0 59.0 0.7 1.7 1.477 
15-Sep-15 
2 1.65 39.8 44.2 0.2 0.3 1.113 
3 1.33 39.8 44.2 0.2 0.3 1.113 
4 1.51 31.0 47.8 0.5 0.9 1.542 
21-Sep-15 3 1.33 32.2 41.9 0.2 0.1 1.299 
09-May-16 
3 1.33 * Clogged 
4 1.51 32.4 48.0 0.6 0.8 1.484 
30-May-16 
2 1.65 40.5 53.3 11.9 0.2 1.317 
3 1.33 33.4 46.1 0.4 0.2 1.380 
4 1.51 41.5 53.5 11.9 0.2 1.289 
* indicates sampling days where the spear was clogged, this was characterised by resistance to purging with 500mL SKC Jumbo syringe. 
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C.3.2 Surface gas fluxes reflecting degradation behaviour 
The biogas surface fluxes of CO2 and CH4 from 4 to 18 months after waste placement are presented 
in Figures C-13 to C-17. All gas fluxes were calculated from data obtained by the static chamber 
approach, with gas sampling across the 15-minute period as described in Chapter 3. Fluxes were 
considered non-zero and reportable when the Barlaz et al. (2004), hypothesis test was passed 
(p<0.01). Across the different sites, it is evident that there is a strong level of CO2 gas flux ranging 
from 46 to 276 g CO2 m
-2 d-1. This is comparable to CO2 fluxes measured by Bogner et al. (2011) for 
fresh waste with daily cover at the Marina landfill. As discussed in the results Chapter 6, CO2 fluxes 
ranging 50 - 250 g CO2 m
-2 d-1 can be considered to be reflective of aerobic activity. Over the 
monitoring period in this study, the CO2 fluxes decline steadily at Sites 2, 3 and 4. For Site 1, the CO2 
flux remains within the 94 to 148 g CO2 m
-2 d-1 range. Site 5 appears to experience the most variation 
in observed CO2 gas fluxes between monitoring events. In terms of CH4 surface emissions, for the 
landfill site surveyed the fluxes ranged from 7.6 to 112 g CH4m
-2d-1. For CH4 fluxes spanning across 
these values, based on the classification system proposed by  Abichou et al. (2006b) this is typical of 
a medium (10-25 g CH4 m
-2 d-1) to high (>25 g CH4 m
-2 d-1) flux level. The CH4 fluxes at Sites 2, 3 
and 4 experience a similar decreasing trend, with an increase observed for June 2016. The CO2 and 
CH4 gas fluxes from all monitored sites are suggesting an environment where aerobic activity is 
occurring in parallel with anaerobic digestion.       
 
Figure C-13: Monitored biogas fluxes at Site 1; Reportable gas fluxes with Barlaz et al. (2004) 
hypothesis test condition (p<0.01); 95% confidence interval ranges indicated by error bars.  
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Figure C-14: Monitored biogas fluxes at Site 2; Reportable gas fluxes with Barlaz et al. (2004) 
hypothesis test condition (p<0.01); 95% confidence interval ranges indicated by error bars.  
 
Figure C-15: Monitored biogas fluxes at Site 3; Reportable gas fluxes with Barlaz et al. (2004) 
hypothesis test condition (p<0.01); 95% confidence interval ranges indicated by error bars.  
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Figure C-16: Monitored biogas fluxes at Site 4; Reportable gas fluxes with Barlaz et al. (2004) 
hypothesis test condition (p<0.01); 95% confidence interval ranges indicated by error bars.  
 
Figure C-17: Monitored biogas fluxes at Site 5; Reportable gas fluxes with Barlaz et al. (2004) 
hypothesis test condition (p<0.01); 95% confidence interval ranges indicated by error bars.  
C.3.3 Isotopic compositional trends in shallow waste and interim cover 
Refer to Chapter 5 for detailed discussion of landfill field site isotope trends.  
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C.4 Key Conclusions from Appendix C 
This Appendix has presented evidence of O2 being present and ongoing aerobic activity within the 
uppermost layer of waste covered by an interim cover from 4 to 18 months after waste placement. 
There are several different independent indicators of this behaviour including:  
 Snapshot measurements of CO2, CH4 and O2 (v/v%) composition through the waste profile 
from 4 to 18 months after fresh waste placement 
 Support from isotopic monitoring of δ13C-CO2, δ13C-CH4, and δ2H-CH4 through the waste 
profile from 4 to 18 months after fresh waste placement 
 Qualitative classification of surface gas fluxes reflecting degradation behaviour of a mixed 
environment of composting and anaerobic digestion of waste. 
 Direct measurement of dynamic O2 trends at two monitoring locations at 17-18 months after 
fresh waste placement.  
 
These findings highlight that the migration of O2 and the sustainment of long term aerobic degradation 
is possible within shallow waste with a thin and permeable interim cover. It is evident that a new 
technique is required to be able to quantify the proportion of anaerobic digestion, composting and 
CH4 oxidation in a mixed semi-aerobic environment.  
 
